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^ \ ABSTRACT 

[T I Context. Gamma-Ray Bursts (GRBs) can provide information about star formation at high redshifts. Even in the absence of a bright optical/near- 
infrared/radio afterglow, the high detection rate of X-ray afterglows by Swift/XRT and its localization precision of 2-3 arcsec facilitates the 
identification and study of GRB host galaxies. 

Aims. We focus on the search for the host galaxies of a sample of 17 bursts with arcsec-sized XRT error circles but no detected long- 
^\ wavelength afterglow, in spite of deep and rapid follow-up observations. Three of these events can also be classified as truly dark bursts, i.e., the 
observed upper limit on the optical flux of the afterglow was less than expected based on the measured X-ray flux. Our goals are to identify the 
\^ GRB host galaxy candidates and to characterize their phenomenological parameters. 
("H Methods. Our study is based on deep Rc and TT.-band observations performed with FORSl, F0RS2, VIMOS, ISAAC, and HAWK-I at 
^ ^ the ESO/VLT, partly supported by observations with the seven-channel imager GROND at the 2.2-m telescope on La Silla, and supplemented by 
I observations with NEWFIRM at the 4-m telescope on Kitt Peak. In order to be conservative, we searched for host galaxy candidates in an area 
O ' with a radius twice that of the corresponding 90% c.l. SwiftlXKY error circle. 

^ Results. For 15 of the 17 bursts we find at least one galaxy inside the doubled XRT error circle, in two cases only a deep upper limit in 
^ Rc and Ks can be provided. In seven cases we discover extremely red objects in the error circles, at least four of them might be dust- enshrouded 
, ^ , galaxies. The most remarkable case is the host of GRB 080207 which has a colour of (Rc - ^Jab ~ 4.7 mag, one of the reddest galaxies ever 

associated with a GRB. As a by-product of our study we identify the optical afterglow of GRB 0705 17 A. 
^T) Conclusions. Optically dim afterglows result from cosmological Lyman drop out and dust extinction, but the former process is only re- 
^ quired for a minority of cases (< 1/3). Extinction by dust in the host galaxies might explain all other events. Thereby, a seemingly non-negligible 
"^j" fraction of these hosts are globally dust-enshrouded, extremely red galaxies. This suggests that bursts with optically dim afterglows trace a 
subpopulation of massive starburst galaxies, which are markedly diff'erent from the main body of the GRB host galaxy population, namely the 
blue, subluminous, compact galaxies. 
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1, Introduction magnitudes within the first hour after the burst, and at least 10 

magnitudes at around 1 day, after correction for Galactic extinc- 
1.1. Optical afterglows ^^^^ (Kann et al. 2010, 201lh . 

By the end of 2010, about 900 gamma-ray bursts (GRBs) have ^ . . i , , n . , . 
been localized at the arcmin scale (see J. Greiner's www pagfl), , ^" pnnciple, the observed brightness distribution reflects the 
<^ most of them (>80%) by the Swift satellite (Gehrels et al. 2004). ummosity distribution of the afterglows (an intrinsic property), 
Nearly 600 events have a detected X-ray afterglow, and nearly ^ut it is affected by physical processes that can block the op- 
400 have been detected in the optical and near-infrared (NIR) ^ical light on its way to the observer (external processes). The 
bands, too. The observed brightness distribution of the optical ^fZ^J'^T^' f °. Possible niechamsms, extinction by dust in 
afterglows is broad and time-dependent, spanning at least 14 *5„,P^^, '^"'^ galaxies (GRBHs) represented by the parameter 

Ay, and cosmological Lyman absorption due to high redshiit. 
If an afterglow is still detected in the optical/NIR bands, these 
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^ ^ , , . „ , , , , , ^ ^ , , two processes can be recognized if a redshiit could be measured 

Based on observations collected at the Very Large Telescope oi j u j u ^ ^ i a- ^ u ^- /ct^ta\ r r 

o . 1 /T-or^ ^nd 3. broad-band spectral energy distribution (SED) ol an at- 

the European Southern Observatory, Paranal, Chile (ESO programmes , , , , ^ , , . ^ . „ , , 

381.A-0647, 383.A-0399, 384.A-0414; PI: S. Klose; 081.D-0739, PI: ^erglow could be constructed. The analysis of optically detected 

A. Rossi, and 086.A-0533, PI: L Kruhler), GROND (PI: J. Greiner), afterglows shows that (in the R band) Lyman absorption is rather 

and the Kitt Peak National Observatory (Program ID 2008B-0070; PI: the exception than the rule; only a small fraction_of bur sts lies at 
A. C. Updike). Other observations are obtained from the ESO/ST-ECF 
Science Archive Facility. 
^ ihttp : //www ■ mpe . mpg . de/~ j cg/grbgen . html | 



z> 5 (cf. Haislip et al. 2006; Kawai et al. 2006; Tagliaf erri et al 
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iGri . . 

2009[ |P6rez-Ramirez et al...201Q: .Cucchiara et aL.201 ll . In ad- 
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dition, it is found that while extinction by dust in GRBHs along 
the lines of sight is usually rather small, a long tail of possible 
extinction values is apparent in the data (cf. Kann et al. 2010; 
IGreiner etal] 120111: iKrtihler et al.H2011i) . implying that at least 
some optical afterglows are extinguished by dust in their host 
galaxies. 

In order to measure the redshift and the host extinction, the 
afterglow has to be detected in the optical bands. Even if no 
spectrum of the afterglow can be obtained, its precise optical 
localization usually means that a search for an underlying host 
galaxy can be undertaken and, if successful, its redshift can be 
measured even years after the corresponding burst. The host ex- 
tinction along the line of sight can then be measured if a broad- 
band SED of the afterglow could be constructed. Then, in prin- 
ciple, the influence of Lyman dropout and host extinction on 
the observe d SED can be distinguished from each other (e.g., 
iRossi et aD l2008a). However, the interplay between intrinsic lu- 
minosity, redshift, and host extinction cannot be disentangled in 
an easy way if no optical afterglow was detected at all. 



glow. All bursts in our sample have an observed duration in the 
Swift I^KY energy window of ^90 > 2 seconds, i.e., they are clas- 
sified as long GRBs (Kouveliotou et al. 1993). All events have 
optical upper limits well below the average brightness of de- 
tected long-GRB afterglows (K ann et al...2010) . Our goal is to 
identify and to study the host-galaxy candidates of these events 
in order to understand better which was the cause of the optical 
dimness of the corresponding afterglows. 

Our paper is organized as follows. In section [2] we describe 
the sample selection and the data-reduction procedures. In sec- 
tion [3] we provide a detailed overview of the objects found in 
the corresponding Swift IXKV error circles. Section |4] then puts 
together the information about these objects and characterizes 
host-galaxy candidates and subsamples based on diff'erent selec- 
tion criteria. Finally, a summary is given in section [S] 

Throughout this work we adopt the convention that the flux 
density of the afterglow can be described as Fyif) oc r^y"^ and 
we use a ACD M world model wit h Qm = 0.27, Da = 0.73, Hq = 
71 km/s/Mpc dSpergel et al.ll2003h . 



1.2. Bursts with optically not detected afterglows 

The question why a fraction of bursts has no optically de- 
tected afterglow despite a rapid localization in X-rays at the 
arcsec scale has been under debate since years. While many 
of these non-detections are simply due to the lack of rapid 
and deep optical follow-up observations, some events (af- 
ter c orrection for Galactic extinction) are tru ly optically dark 
(e.g. ICastro-Tirado et al.ll2007l:lRol et al.l2007l: [Hashimoto et al.. 



I2OIOI: [Holland etaDl201 Oh . The question then is, which of the 
aforementioned three physical mechanisms led to these after- 
glows being invisible in the optical bands. 

There are two approaches to tackle this problem. On the 
one hand, one makes use of the theoretically expected SED 
of an afterglow, which allows one to predict the optical flux 
based on the observed X-ray flux. A comparison with observed 
optical upper limits can then tell if the observations simply 
did not probe deeply enough or if an additional dimming of 
the af t erglow light is required (Rol et al. 2005; "Jako bsson et al.l 
120041: Ivan der Horst' et al. 2009; Greineretal. 2011). On the 
other hand, one can study the galaxy population within the 
corresponding X-ray error circle and try to identify the most 
likely GRB host candidate via statistical arguments by look- 
ing for galaxies with unusual properties. Once a putative host 
has been identified, not only a redshift can be constrained 
but also the nature of the host itself can indicate if extinc- 
tion might expl ain the optical dimness of the afterglow light 
re.g.JPiro et al.ll2 002: Gorosabel et al. 2003; Levan et al. 2006; 
iBerger et al.l2007l:IPerlev et al.i2009i: iKupcu Yoldas et al. 2010). 
All these studies suggested that dust extinction in the GRBHs is 
the main reason for the optic al dimness of some events . Recently, 

^ ICenko et all (|2009) and Perlev et al.l 



after fir st important steps by 
(120091) . IGreiner et al.l d2QTl 



LJJ) settled this picture by combining 
rapid and deep optical with simultaneous deep NIR follow-up 
observations, firmly finding that optically dim afterglows are 
mainly due to a moderate host extinction combined with a mod- 
erate redshift (z < 5). The nature of the corresponding GRBHs 
remained to be investigated, however. 



1.3. The present work 

Here, we report on the results of a search for the potential hosts 
of a sample of 17 bursts with no detected optical/NIR after- 



2. Target selection and observations 

2.1. The GRB sample 

In the years from 2005 to 2008, there are about 100 burstfl with 
a detected X-ray afterglow but no detected optical afterglow for 
which declination is less than -h25 deg (i.e., these fields are well 
observable from ESO Paranal or La Silla). From this sample we 
selected 17 fields with the following properties: (1) the X-ray er- 
ror circle has a radius of less than 6 arcsec, (2) rapid, deep, but 
unsuccessful follow-up observations were performed by various 
optical telescopes, and (3) the Galactic visual extinction along 
the line of sight is less than 1 mag. In addition, at the time when 
we selected these targets (usually several months before they 
were observed) no corresponding studies had been reported in 
the literature. 

All 17 bursts have upper limits for their optical afterglow 
magnitudes which lie at least 1.5 mag below the mean value 
of the afterglow brightness distribution (Fig. [T]). The observed 
GRB fields are summarized in Table [T] and further details on 
the corresponding world-wide observing campaigns are given in 
Appendix IaI 

Deep follow-up observations of 14 of these 17 X-ray er- 
ror circles were performed with VLT/FORSl, F0RS2, VIMOS, 
ISAAC, and HAWK-I in the years 2008 to 2010, months to 
years after the corresponding burst (Table IA.2I) . Limiting 3cr 
AB magnitudes were typically Rc=26.5 and ^^=23.5. In the 
case of GRBs 050717, 060211 A, and 060805 A, multi-band 
imaging was performed using GROND on La Silla and, in the 
case of GRBs 050922B and 060211 A, data were obtained us- 
ing the near-infrared imager NEWFIRM mounted at the 4-m 
Mayall telescope at Kitt Peak National Observatory. In the case 
of GRB 081204, a late /-band observation was executed using 
NTT/SOFI on La Silla. 



2.2. Optical/NIR data analysis 

VLT, GROND, and NEWFIRM data were reduced using IRAF 
taskfl and analyzed through point- spread function (PSF ) and 
aperture photometry using DAOPHOT and APPHOT (iTodvl 



api 



19931) . The procedure is mainly based on the pipeline written 



http : //www . mp e .mpg ■de/~jcg/grbgen.html| 
http ://iraf . noao . edu 
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Table 1 : Characterization of the GRB fields of our sample. 
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Notes: (1) The Swift/XRT positions for GRB 061 102 and 0705 17A are from N. Butlers's webpage (http : //astro. b erkeley. edu^ nat/swift/xrt-p os. html) 
(lButled[2 007). The XRT position for GRB 080915A, 081105, and 081204 are from lOates etaLl (l2008bh . iBeardmore & Cummingsl (120081) . 
and iMangano et al.. C2008a), respectively. All other XRT data are from http://www.swift.ac.uk/xrt^ositions/mdex.php. (2) The burst dura- 
tion, 7 90, was mostly taken from http://heasarc.gsfc.nasa.gov/docs/swift/archive/grbtable/. F or GRB 08 1105 the reference is ICummings et al.l 
(12008'), for GRB 080727A it is .McLean et all (12008). and for GRB 081204 it is Gotz eFal] (120081) . (3) The Galactic reddening along 
the line of sight, E{B - V), was obtained from the NASA Extragalactic Database Coordinate Transformation and Extinction calculator at 
http://nedwww. ipac. caltech. edu/forms/calculator html. 



to reduce GROND data (lYoldas et al.ll2Q08l:lKriihler et al.ll2QQ8h . 
Aperture photometry, if not otherwise specified, was performed 
by using an aperture diameter of twice the Full Width Half 
Maximum (FWHM) of the stellar PSF. ISAAC, HAWK-I, and 
GROND NIR fields were calibrated using 2MASS field stars. 
VLT optical data were calibrated on standard star fields for the 
Vega photometric system, while the calibration performed for 
the optical g'r'i'z' images of GROND employed SDSS stars 
(Table|A3. 



3. Results 

3.1. General 

In the following we report the results of our deep late-time ob- 
servations for each GRB field. They are summarized in Tables 
and [21 Finding charts are provided in Fig. lA.li 
If not stated otherwise, in the following 7?c, ^^-band magni- 
tudes and colors are given in the AB magnitude system, in order 
to allow for a direct comparison with data of confirmed GRB 
host galaxies compiled by Savaglio et al. (2009; in the follow- 
ing SBG09), i.e., host galaxies which are identified via optical 
afterglow detections obtained with subarcsecond accuracy. All 
(Rc - Ks) colors are corrected for Galactic extin ction, es timated 
using the extinction maps published by Schleg el et al.l {1998). 
Thereby, we used the following transformations: (1) FORSl, 
F0RS2, and VIMOS: Rab = ^vega + 0.23 mag (iKlose et al.1 
120041) : (2) ISAAC, HAWK- I, and NEWFIRM: Kab = ^.,vega + 
1.86 mag ( Klose et al.ir2004 . For GROND the Vega to AB con- 
version is ^AB = ^^,vega +1.80 mag, except for observations af- 
ter an intervention on the instrument on March 2008, for which 
^AB = ^5,vega+ 1-86 mag. Extinction corrections for the GROND 



filters are: A(g') = 1.253 Ay, A(/) = 0.199 Ay, A(i') = 
0.615 Ay, A(zO = 0.454 Ay, A(J) = 0.292 Ay, A(H) = 
0.184 Ay, A(K) = 0.136 Ay, while for all other instruments we 
assumed the standard values A(Rc) = 0.748 Ay and A(K) = 
0.112Ay (iRieke & Lebofskvl Il985h . We always set Ay = 
3.1 E(B-V). 

3.2. Selecting host galaxy candidates 

Even in the case of arcsec-sized error boxes it is usually diffi- 
cult to determine the best GRB host galaxy candidate. The ap- 
proach we used here to identify a putative host is identical to 
the approach adopted 15 years ago, when no afterglows were 
known at all and at best only arcmin- sized err or boxes obtained 
via satellite ^angulation were available (e.g.. IVrba et al. [T995I: 
iKlose et al.1 \l99A ISchaefer et al.1 Il998l: IVrba et al.1 119991) . The 
main observational diff'erence is the size of the XRT error cir- 
cles provided by Swift/XKT that can go down to 1-2 arcsec, al- 
lowing meaningful searches for host galaxies. The question is: Is 
there anything special in the field? To answer this question, we 
used several criteria. The first one is the magnitude-probability 
criterion. 

Following iBloom et al.l (l2002h and lPerlev et"aD (l2009h . we 
calculated, for every object, the probability p of finding a galaxy 
of any type of the given (extinction-corrected) 7?c-band magni- 
tude m in a region of radius r, where r is the radius of the asso- 
ciated error circle. It is 



p(m) = 1 - exp(-7r r cr(< m)) , 



(1) 



where (t(< m) is the surface density of galaxies with magni- 
tudes < m (equation 3 in Bloom et al.). If the object we have 
found is located within the 90% c.l. XRT error circle of radius 



3 



Rossi et al.: Dark GRB host galaxies 



t (seconds after burst in the observer frame) 

1 10 100 1000 10000 100000 1000000 1E7 




* ' ' * * * ' 



lE-5 lE-4 lE-3 0.01 0.1 1 10 100 

t (days after burst in the observer frame) 

Fig. 1: The Rc-band light curves of all (long) afterglows in the sample of iKann et al. All data have been corrected 

for Galactic extinction. Triangles indicate equivalent 7?c-band upper limits of the afterglows in our sample (Table |4]). The blue 
dashed/dotted line approximately indicates the mean of the afterglow brightness distribution. The red line indicates the border line 
of all targets in our study. 



ro, we set r = ro, if it is placed within [(n - l)ro,nro], then 
w e set r = n r p. The input for cr(< m) is the relation derived 
by lHogg et al.l (1 19971) , which is based on galaxy counts down to 
about /?vega = 26.5. We consider galaxies of all types as very 
likely GRB host galaxy candidates if the chance probability p 
to find such an object of the given 7?c-band magnitude in the 
corresponding error circle is <10% (within Icr). 



More powerful criteria rely on the phenomenological appear- 
ance of the galaxies, in particular their color. Spiral galaxies 
have a maximum (R - K)ab color of about 3.5 mag before the 
Lyman dropout at high z comes into play (SBG09; their figure 
3). Galaxies with a larger (R - K)ab color are therefore of spe- 
cial interest, since it can either point to a dust-enshrouded or to 
a Lyman-dropped-out galaxy. These galaxies are usually called 
extremely red objects (EROs) and they were first addressed in 
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the context of deep NIR surveys dElston et"an 1 1 9 8 8l) . Number 
counts of these galaxies are available now ('Gonz alez-Perez et aP 
^09; Hempeletal. 2011; Kim et al. 2011) and will be used 
in the following also. Finding an ERO galaxy in an XRT er- 
ror circle is considered as strong evidence that this object 
is related to the burst under consideration. The ERO galax- 
ies population follows a bimodal distribution and differentiates 
between passively evolving ellipticals and dusty star-forming 
galax i es in the redshift interval 1 < z < 2 (Dohertv et al] 
120051: iFontanot & Monacol |20TqI: iGonzalez-Perez et al. 201 1). 
Long GRBs then naturally select star-forming galaxies. Given 
that the ratio betwee n both po pulations i s still a matter of de- 
tailed studies (see Conselice et al. 20081: iGqnzalez-Perez et al.l 



120091: lKonget al.1120091: IFontanot &Monacoll2010h . any statis- 
tics based on ERO number counts then provide a conservative 
upper limit on the probability to find a star-forming ERO galaxy 
in a Swift/XKT error circle. 

Finally, also a close pair of galaxies inside an XRT error cir- 
cle, i.e., a hint of interaction and thus triggered star-formation, is 
a good candidate for the birthplace of a (long) GRB progenitor. 

3.3. Notes for individual targets 

GRB 050717 The burst occurred at relatively low Galactic lati- 
tude (b = 10°), and the field is relatively crowded with stars. The 
foreground Galactic reddening is moderate, E(B - V) = 0.24 
mag, the highest in our sample. The 90% c.l. XRT error circle 
has a radius of ro = 1^5 ( see the combined GROND r'/'z'-band 
image, Fig. lA.ll) . 

We observed the field with GROND two years after the burst. 
Within 2ro two objects (A and B) are visible in the combined 
//'z'-band image (Fig. lA.ll) . Object A (Rab =23.6) lies outside 
Iro, appears fuzzy and has a size of about 2fl x 3V9. Based 
on its visual appearance this is a faint galaxy. Its outer parts 
extend into the 90% c.l. error circle. The fainter object B (Rab 
= 24.5) lies within Iro close to the southern boundary of the 
error circle. Neither object is detected in g' and also not seen 
in the NIR bands (Table [3]). Given the non-detection in the NIR 
(^AB > 22.1), for both objects only an upper limit for (R - K)ab 
can be given (< 2.6 mag and < 3.4 mag, respectively). 

Assuming that A and B are galaxies, the probability p of 
finding a galaxy of the given Rc-hand magnitude in a re- 
gion of radius 2ro and Iro is about 0.05 and 0.03, respectively. 
Therefore, we consider both objects as equally likely GRB host 
galaxy candidates. 

GRB 050922B The burst occurred at high Galactic latitude 
(b = -67°); the field is not crowded with stars. The foreground 
Galactic reddening is very small, E(B - V) = 0.04 mag. The 
90% XRT error circle has a radius of ro = V!l (Fig. lA.ll) . The 
field was observed with NEWFIRM in the ^^-band about 3 years 
after the burst. Additional data were obtained with F0RS2 and 
ISAAC one year later. No object is found in any band, neither 
within the 90% c.l. XRT error circle nor within 2ro, down to 
deep 3(T upper limits of Rab > 26.5 and ^ab > 22.8. 

GRB 060211A The field of GRB 06021 1 A Hes at relatively low 
Galactic latitude (b = -24°) but it is not crowded with stars. The 
foreground Galactic reddening is moderate, E(B - V) = 0.19 
mag. The 90% c.l. XRT error circle has ro = 1^4 (Fig.lAJl). 

We observed the field 1.5 and 3 years after the burst with 
GROND and NEWFIRM (/ and K), respectively. In the 90% 




Fig. 2: NEWFIRM /-band image of the field of GRB 06021 1 A. 
It shows the 90% c.l. XRT error circle (ro = r.'4) as well as a 
circle of radius 2ro. The cross indicates the position of object A 
which is visible in the GROND r'-band image (Fig. lA.ll) . 



c.l. error circle we find one object (A) in the GROND / band, 
which looks slightly extended in N-S direction (Vfl x Vf2). The 
object is not visible in the other GROND bands. Complementary 
NEWFIRM observations did not detect this object down to 
Jab = 23.6 and ^ab = 21.6 either. Therefore, only an upper 
limit on the (R - K)ab color of object A can be given (< 2.5 
mag). 

In addition to A, an extended, fuzzy object (B) is detected 
with GROND in g'/i'z\ and located about 4V0 (3ro) away from 
the center of the error circle (see Fig. lA.ll) . This object is also 
seen in the NEWFIRM /-band image, where it appears resolved 
into two or three sources (Fig.O. In the / band its size is about 
378 X 2/2. 

The NEWFIRM /-band image reveals other two very faint 
sources, C and D (Fig. [2]). Object C (Jab ~ 23.1) is an extended 
object lying within the 90% c.l. error circle. This potential host 
galaxy is not seen in any other band. Object D (Jab ~ 23.4) is 
outside the 90% c.l. error circle and it is too faint for any conclu- 
sion about its morphology and nature. The angular off'set of D 
from the boundary of the 90% c.l. error circle is Ufl. For a red- 
shift of 1 or 0.5 this would correspond to a projected distance of 
5.6 kpc and 4 3 kpc , respectively. This is still a reasonable value 
(iBloom et al.ll2002l) . Unfortunately, we cannot decide if objects 
C and D are potential ERO galaxies: An ERO would have an 
(r' - /)ab color of at least 2 mag, fainter in / than our GROND 
detection limit. Assuming that A is a single galaxy, the proba- 
bility p of finding a galaxy of the measured 7?c-band magnitude 
within the 90% c.l. error circle is about 0.03, while the corre- 
sponding value for object B is 0.08. We conclude that in this 
case we cannot decide which is the best host galaxy candidate; 
it can be A, B, C, orD. 



GRB 060805A The field lies at relatively high Galactic latitude 
(b = 60°). It is not crowded with stars but it is located close to 
a bright star (Rc = 13.5) at RA, Dec. (J2000) = 14:43:42.098, 
-hl2:35:20.63 (USNO-Bl catalog), which may aff'ect the back- 
ground estimation. The foreground Galactic reddening is small. 
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E{B -V) - 0.02 mag, among the smallest in our sample. The 
corresponding 90% c.l. XRT error circle has ro = r.'6 (Fig. lA.lb . 

The field was observed with GROND two years after the 
burst. In the r'-band image we detect two sources (A, B; 
Fig. lA.ll) inside Iro and 2ro with magnitudes 7?ab = 25.0 and 
23.6, respectively. Both objects appear extended. Object B, with 
a size of 2^7 x 1^3, lies about 2V0 away from the center of the 
XRT error circle but its outer regions extend into it. Contrary to 
object A, object B is also detected in the g'-band (~ 23.6) with 
a {g' - r^AB color consistent with a flat SED in this wavelength 
region. It could imply that this galaxy is dominated by a young 
stellar population. Both objects are not detected in the GROND 
I't! JHKs bands, where only deep upper limits could be derived 
(Table [3]). The (R - ^^)ab colors of A and B are < 4.3 mag and 
< 2.6 mag, respectively. 

Assuming that A and B are galaxies, the probability p of 
finding a galaxy of the measured ^c-band magnitude within Iro 
and 2ro, respectively, is about 0.06 for object A and 0.09 for 
object B. We consider both, A and B, as G RB host galaxy can - 
didates. The same conclusion was drawn by Perley et aP (l2009l) . 
who observed this field in and Rq using the Keck telescopes. 

GRB 060919 The field of this burst Hes at low Galactic lati- 
tude {b - -17°) but is not crowded with stars. The foreground 
Galactic reddening is small, E{B - V) = 0.07 mag, and the 
90% c.l. XRT error circle is among the smallest in our sample 

(ro = ir7;Fig.|A3]). 

The field was observed with FORSl and ISAAC about 2 
years after the burst in Rq and K^, respectively. We find only 
a single 7?c-band source within the 90% c.l. error circle (ob- 
ject A; Fig. lA.lb , with /?ab =26.1. No other objects are visible 
even within 2ro. In the 7?c-band image object A seems to be ex- 
tended along the E-W direction (V!5 x 174). It is not detected 
in the ISAAC image down to deep flux limits (^ab > 23.4). Its 
(R - K)ab color is thus < 2.6 mag, well within the range of the 
colors of the known GRB host galaxy population (SBG09). If 
this object is not the host, then we can provide the following up- 
per limits for the GRB host galaxy: Rab > 26.5 and Kab > 23.4. 

The probability of finding a galaxy of the measured 7?c-band 
magnitude in a region of radius Iro is 0.15. Given that object A 
is the only object we detect within 2ro, we suggest that it is the 
potential GRB host galaxy. 

GRB 060923B The field lies at relatively low Galactic latitude 
(b = 18°) and it is relatively crowded with bright stars. The 
foreground Galactic reddening is moderate, E(B - V) = 0.15 
mag. The corresponding 90% c.l. XRT error circle has ro = 178 
(¥ig.\EB. 

We observed the field with FORSl and ISAAC about 1.5 
years after the burst. Our FORSl 7?c-band as well as our ISAAC 
^^-band observations show two objects (E and C; Fig. lA.ll) at 
the inner border of the 90% c.l. error circle, while three more 
objects (A, B, and D) lie within 2ro. 

Objects A (Rab= 23.1) and E are very close to each other, 
making it difficult to get a reliable 7?-band photometry, especially 
for object E. Object B (Rab= 21.7), has a PSF that is point- 
like. On the deep ^^-band image object A shows an extended 
morphology (2.2'' x 2.1''; Fig.©. Object C (Rab ~ 24.5) has 
a point-like PSF but it is probably too faint for detecting the 
faintest region of a galaxy. Object D appears slightly elongated 
in the optical and the NIR images, but it is too faint for any con- 
clusion about its morphology. Therefore, with high confidence 
only object A can be identified as a galaxy. 




Fig. 3: ISAAC ^,-band image of the field of GRB 060923B. 
Also shown is the 90% c.l. XRT error circle (ro = r.'8) as well 
as a circle of radius 2ro. The image reveals that object A is a 
galaxy. Object D is an ERO. 



The probability p of finding a galaxy like A of the measured 
7?-band magnitude inside a region of radius 2ro is 0.06. Objects 
C and E have /^-values of less thar0 0.1, but it is difficult to con- 
clude anything about their nature. If E is a galaxy it would be 
attractive, because of its position close to galaxy A, suggesting a 
possible interaction. On the other hand. Object D (7?ab=25.7) is 
an ERO with (R - K)ab -3.8 mag, while A and C have a modest 
color of 1.1 mag and 1.3 mag, respectively. 

Given that we can only say with confidence that object A is a 
galaxy, and given that D could be an ERO galaxy, we consider A 
and D as the most likely host galaxy candidates (see Sect. 14.81) . 

GRB 061102 The field Hes at moderate Galactic latitude (b = 
28°). The foreground Galactic reddening is small, E(B - V) = 
0.04 mag. The corresponding 90% c.l. XRT error circle has a 
radius of ro = 2'.'9 (Fig.lAl]). 

We observed the field with FORSl and ISAAC in Rc and 
Ks, respectively, about 1.5 years after the burst. The VLT im- 
ages show no object within the 90% c.l. error circle down to 
Rab = 26.9 and Kab = 22.8. Two objects (A, B) are found 
within 2ro (Fig. lA.ll) . They are only detected in Rc but not in Kg. 
Both objects are clearly extended (2'.'5 x 1'.'5 and 1'.'8 x 1'.'9, re- 
spectively). Their (Rc - Ks)ab color (< 1.2 mag and < 1.1 mag, 
respectively) matches with the corresponding color of the GRB 
host galaxy population at a redshift around z = 1 (SBG09). In 
both cases, the probability of finding a galaxy of the given Rc- 
band magnitude inside a region of 2ro is 0.3. 

Object A touches the 90% c.l. error circle, while the bright- 
ness center of object B lies 2'.'0 away. However, B is surrounded 
by a faint, asymmetric halo structure, which extends down to 
Iro. We speculate that this could be a face-on spiral galaxy or 
the tidal tail of an interacting system. If B lies at a redshift of, 
say, z = 0.3 or 0.5, the projected off'set of the afterglow from the 
center of this galaxy would be 9 kpc and 12 kpc, respectively. 

assuming for E a conservative /?=24.5+0.5 gives p = 0.05 + 0.02 
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Fig. 4: ISAAC /T.-band image of the field of GRB 070429A. 
Also shown is the 90% c.l. XRT error circle (ro = 2! I) as well as 
a circle of radius 2ro. Together with objects A, B and C, the im- 
age reveals object D, which is not visible in the FORSl 7?c-band 
image. Object D is an ERO. 



This is a very large off'set. It can be reduced if the redshift is no- 
tably smaller, which would then point to a rather subluminous 
galaxy (see also Sect. 14.61 and Table I A. 3l) . 

If none of these sources is the host galaxy, then the measured 
deep Rc and ^^-band upper limits would make the host galaxy 
of GRB 061 102 one of the faintest in our sample. 

GRB 070429A The field lies at moderate Galactic latitude (b = 
-26°). It is not crowded with stars. The foreground Galactic red- 
dening is modest, E(B-V) = 0.17 mag. The corresponding 90% 
c.l. XRT error circle has ro = 2fl (Fig.lAJl. 

We observed the field with FORSl and ISAAC about 1 year 
after the burst. In the FORSl Rc-hand image (Fig. lA.ll) we find 
one object (A) at 2ro and two other sources inside the 90% c.l. 
error circle (B,C), with 7?c-band magnitudes of 25.0+0.2, 24. 1 ± 
0.1, and 24.3 ±0.1, respectively. In the ISAAC ^^-band images 
another object is visible (D, Ks = 23.0 ± 0.4, Fig.©. All four 
objects are extended (between VfS and 3V8 in their major axis). 
Objects B and C could be an interacting pair since they show a 
fuzzy structure. The individual Rc, Kg magnitudes of objects A, 
BandC (in/T, = 22.4 ±0.2 and 2 1.9 ±0.1, respectively ;Table[2]) 
and (R-K) AB colors (TableO are compatible with the GRB host 
population at a redshift z < 2 (SBG09). Therefore, the observed 
color of objects A, B, and C does not characterize any of them 
as very red. However, object D is very red ((R - K)ab > 3.1 
mag). Even though D has a large 0.4 mag error in the /sT^-band 
photometry, we consider it as a potential ERO galaxy. Its center 
lies outside Iro, but its outskirts reach into the 90% c.l. error 
circle. 

The probability-magnitude criterion gives the following 
numbers for the first three galaxies (A-C): 0.54, 0.04 and 0.05, 
respectively. Given that B and C are well placed inside the 90% 
c.l. error circle, have low /7-values and are probably an interact- 
ing galaxy system, we consider both as equally likely host galaxy 
candidates. In addition, D is also a host galaxy candidate given 
its very red color. 



GRB 070517A This burst is unique in our sample, because we 
could identify its afterglow by comparing our late-ti me obser- 
vation s with the follow-up observations reported by iFox et al.l 
(12007k . 

We observed the field with FORSl and ISAAC about 1 year 
after the burst. The field is at relatively low Galactic latitude (b = 
-21°) but not very crowded with stars. The foreground Galactic 
reddening is modest, E(B - V) = 0.15 mag. The corresponding 
90% c.l. XRT error circle has ro = 2^1 (Fig.lAl]). 

In the Rc-hand image we detect only one object (A, Fig. lA.ll) 
inside the 90% c.l. XRT error circle with magnitudes Rab = 
25.39 ± 0.21 and ^ab > 23.4. No further objects are apparent 
within the doubled XRT error circle (r = 2ro). In particular, 
we do not detect the r' = 22.1 afterglow candidate at RA, Dec. 
(J2000) = 18:30:29.12, -62:17:50.7 (uncertainty of < a'75 in 
each coordinate), which was reported by Fox et al.. (.2007) based 
on Gemini-South observations about 16 hr after the burst (indi- 
cated by a cross in Fig. lA.lK We conclude that in fact this was 
the GRB afterglow. 

The coordinates of obj ect A agree with the second object de- 
tected bv lFox etal.1 (l2007l) at RA, Dec. (J2000) = 18:30:29.08, 
-62:17:53.0 with f = 24.5. Based on our images, we conclude 
that A is a galaxy. Its angular size is 1.6'' x 1.3'', which is ~ 2 
times that of the stellar FWHM. If it is the GRB host galaxy, then 
its (R-K) AB color of < 1 .7 mag is compatible with the GRB host 
galaxy population for a redshift around z = 1 (SBG09). No un- 
derlying galaxy is found at the position of the optical afterglow 
down to ^AB =26.6 and ^ab =23.4. 

The angular distance between the afterglow and object A is 
r.'6 ± 0'.'3. The probability p to find a galaxy of the given Rc- 
band magnitude in a circle with this radius is between 0.04 and 
0.10. If A were the host galaxy of GRB 0705 17A, then its angu- 
lar distance translates to a projected distance of 12.8 ± 2.4 kpc, 
assuming a redshift of z = 1. This is 10 times larger than the me- 
dian p rojected angular off'set of 1.3 kpc found by iBloom et al.l 
(l2002h for a sample of 20 host galaxies of long bursts, leading 
to object A to not be favored as a host. On the other hand, if we 
require a projected angular distance of less than 10 kpc, then the 
upper limit on the redshift of this galaxy is z = 0.4. In this case 
A would be a very faint galaxy when compared to the sample 
of SBG09. Alternatively, the true host galaxy could underly the 
optical afterglow position below our detection limits. We con- 
clude that in the case of GRB 0705 17 A we have no good host 
galaxy candidate. 

GRB 080207 The burst occurred at high Galactic latitude (b = 
66°), the field is not crowded with stars. The Galactic reddening 
is very small, E(B - V) = 0.02 mag. The 90% c.l. XRT error 
circle is the smallest in our sample (ro = r.'4; Fig. lA.ll) . 

We observed the field 2 years after the burst with 
VLT/VIMOS in Rc and ISAAC in Ks. In addition, deep GROND 
imaging was performed at a mean time of 10 hours after the 
burst, but no afterglow was detected (Table lA.ll) . Our deep 
VIMOS 7?c-band image shows one fuzzy object (2'.'4 x 1 "3) a t 
the north-east boundary of the 90% c.l. error circle (A, Fig. lA.ll) . 
This object is very faint in the ^^-band. In addition, the ISAAC 
image shows another, elongated source (B; r.'6 x 0'.'9; Fig. [5]) 
within the XRT error circle that has a very faint /?c-band coun- 
terpart with Rab ~ 26.5. GROND did not detect these sources 
in any band, only upper limits can be provided (Table O. Object 
B is very red, (R - K)ab =4.7 mag. Its color and morphology 
defines it as an ERO galaxy. Given its position within the 90% 
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Fig. 5: ISAAC image of the field of GRB 080207, in- 

cluding the 90% c.l. XRT error circle (ro = r/4) as well as a 
circle of radius 2ro. Object A is only visible in the VLT/VIMOS 
7?c-band image (Fig. lA.lb . Also shown by a cross is the position 
of the Chandra X-ray source. Object B is an ERO. 



c.l. error circle, we consider B as the most likely GRB host can- 
didate. 

When th is paper was in i ts finalization, the Chandra source 
catalogue ( Evans et al .1120101) became public. Inspection of the 
catalogue shows that a X-ray observation of the field was per- 
formed 8 days after the burst and a point source was detected 
(CXO Jl 35002.9+073007) at coordinates RA, Dec. (J2000) = 
13:50:02.97, 07:30:07.8 (±a.'6). The position of this source is 
within Icr consistent with the position of object B. Therefo re, we 
conclude that this is the host galaxy of GRB 080207. Hunt et al.l 
( 2011) have recently obtained a photometric redshift of about 
2.2 for this galaxy. 

GRB 080218B The field is at relatively low Galactic latitude 
(b = 9°), the lowest in our sample. However, it is only moder- 
ately crowded with stars. The Galactic reddening along the line 
of sight is modest, E(B-V) = 0.17 mag. The 90% c.l. XRT error 
circle has ro = Vf6 (^Fig. lA II) . 

We observed the field with F0RS2 and ISAAC about 1 year 
after the burst. In addition, deep GROND imaging was per- 
formed at a mean time of about 0.75 hr after the burst, but no 
afterglow was detected (Table lAJl) . Our deep F0RS2 7?c-band 
image reveals one faint (Rab =26.2), extended object (A) within 
the 90% c.l. error circle and another object (B; Rab = 24.6) in- 
side 3ro. Both objects are also detected with ISAAC at magni- 
tudes ^AB = 21.7 and 22.7, respectively (Fig. (6]). Object A is 
too faint to be detected by GROND, while B is detected in g'r'z' 
(Table [3j it is not seen in i' due to ghost images in the field). 

In the FORS image object A is elongated in SW-NE direc- 
tion (2! 5 X Vfl). It could be a spiral galaxy seen nearly edge-on 
or a tight pair of galaxies. If it is a single galaxy, then its large 
(R-K)ab color (4.2 mag) defines it as an ERO galaxy. The prob- 
ability of finding a galaxy of this 7?c-band magnitude within an 
area of radius Iro on the sky is about 0. 1 . Given its extremely red 
color and its position inside the 90% c.l. error circle, we consider 
A as the most likely GRB host galaxy. 




Fig. 6: ISAAC /^,-band image of the field of GRB 080218B, in- 
cluding the 90% c.l. XRT error circle (ro = VfS) as well as a 
circle of radius 2ro. Object A is an ERO. 



GRB 080602 The field is at high Galactic latitude (b = -71°), 
among the highest in our sample. The Galactic reddening is very 
small, E(B - V) = 0.03 mag. The 90% c.l. XRT error circle has 
ro = ir7 (¥ig.\EB. 

We retrieved VLT/F0RS2 and ISAAC data obtained about 1 
year after the burst from the ESO archive (program ID 081.A- 
0856; PI: R Vreeswijk). In addition, deep GROND multi-color 
imaging was performed 1.5 years after the burst. In the F0RS2 
7?c-band image we find one object (A; Rab = 22.9) inside the 
90% c.l. error circle. It is also detected in all GROND optical 
bands and also seen in the ISAAC ^^-band image (^ab =22.5), 
where it seems to split into two objects, with the second one (C) 
Vf3 north of A (Fig.|7]). Even though in the FORS image object 
A looks extended in the northern direction, C has no direct op- 
tical counterpart: The angular distance between A and C on the 
ISAAC image is larger by about Off 5 than the distance between 
the brightness center of A and its fainter northern blob on the 
FORS image. Therefore, we consider C as a separate object. Its 
(R - K)ab color (>4.3 mag) defines it as an ERO. 

At the southern boundary of the 90% c.l. error circle lies 
another object (B; size 2fO x IV 8; Fig. lA.lb , possibly another 
galaxy. In both Rc and ^^-band images, object A looks fuzzy 
and extended (2! 6 x 2!0), while the nature of C is less obvious. 
Assuming that A ( including its northern blob) is a single galaxy, 
a fit of its SED with Hyperz (Bolzonella et al. 2000) gives good 
solutions for a spiral galaxy with no intrinsic extinction at a red- 
shift ofz= 1.40+^-^^ (x^/d.o.f = 0.074) as well as for a starburst 
galaxy at a redshift of z = 2.10^^3^ and a moderate Milky Way 
(MW) extinction of Ay = 0.4 mag (x^/d.o.f = 0.050; Fig. [8]). 
This double solution is due to the fact that the z'-band magni- 
tude can well fit both the 4000A Balmer jump as well as a mod- 
erate 2 175 A feature from a MW (or LMC) extinction law. We 
caution, however, that while the first solution implies an abso- 
lute magnitude Mb 23.0, in the case of the z ~ 2.1 solution 

we obtain Mb 24.0, which is very unlikely when compared 

to the l uminosity function found in the Las Campanas redshift 
survey (iLin et al.l ll996). Therefore, we consider z = 1-4^q '^5 as 
the most likely redshift estimation. 
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Fig. 7: ISAAC image of the field of GRB 080602, in- 

cluding the 90% c.l. XRT error circle (ro = Vfl) as well as a 
circle of radius 2ro. Object C is an ERO. The crosses show the 
positions of objects A and B in the FORS image (Fig. lA.lb . 



Object A as well as B have colors (R - K)ab =03 mag 
and < 0.4 mag, respectively, which is well within the range of 
the observed colors for GRB host galaxies (SBG09). In the case 
of object A, the probability of finding a galaxy of the given Rc- 
band magnitude inside a circular area of radius Iro is 0.01, while 
for B the corresponding value is 0.13 (within 2ro). However, the 
probability to find an ERO (object C) within the same area is 
much smaller (see Sect. 14.81) . Therefore, we consider object C 
as well as its possible interacting partner A as the most likely 
host galaxy candidates. 
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Fig. 8: Hyperz best-fit solution of the broad-band SED of object 
A in the XRT error circle of GRB 080602. The fit suggests a 
spiral galaxy at a redshift of z 
tinction O^^/d.o.f = 0.074). 



1.40^Q^^ with no intrinsic ex- 



GRB 080727A The field lies at moderate Galactic latitude {b = 
42°) and is not crowded by stars. The Galactic reddening is very 
small, E(B - V) = 0.07 mag. The 90% c.l. XRT error circle has 
ro = V!6 (Fig. (AD). 

We observed the field with ISAAC about 1.5 years after the 
burst. The deep FORSl 7?c-band image was taken from the ESO 
archive (program ID 081.A-0856; PI: R Vreeswijk; FWHM of 
0'.'8). No GRB host galaxy is detected inside 2ro, down to 
Rab = 26.3 and ^ab = 23.0. This is the second case (besides 
GRB 050922B) in our sample where only deep upper limits can 
be provided for the GRB host galaxy within 2ro. A moderately 
bright, nearly edge-on galaxy (Rab = 23 A; size 4V5 x 2fO) lies 
10'' east of the center of the XRT error circle. This object lies 
too far away from the XRT error circle in order to be physically 
related to the GRB. 



GRB 080915A The field does not Hes at low Galactic latitude 
(b = -41°), but it is relatively crowded with stars. The Galactic 
reddening is very small, E(B - V) = 0.05 mag. The 90% c.l. 
XRT error circle is of median size (ro = 3V7; Fig. lA.lb . 

The field was observed in the ^^-band with HAWK-I in 
Target of Opportunity mode starting 28 hours after the burst, 
lasting for 14 minutes. No candidate NIR afterglow was found 
inside 2ro down to ^ab = 23.4. The HAWK-I observations re- 
veal two bright objects, one (A) within the 90% c.l. error circle 
and one (B) just outside 2ro with AB magnitudes 20.42 ± 0.02 
and 19.19 ± 0.01, respectively (Fig. O. These objects were 
also detected with GROND in all bands during the same night 
(Table [3). Additional 7?c-band data were obtained with FORS 1 
12 days after the burst (FWHM of 1^4). The FORS image shows 
objects A (Rab = 21 Al ± 0.01) and B (Rab = 21.12 ± 0.01), but 
also reveals the presence of three additional objects: C (Rab = 
24.55 ± 0.07) and E (Rab = 25.28 ±0.15) within Iro as well as 
D (Rab = 24.41 ± 0.08) slightly outside Iro (Fig.lAl]). 

In the FORS image object A has a PSF that is compatible 
with a point source, while C and D appear fuzzy and could be 
galaxies. Object E is very faint, close to the detection limit. It 
is difl&cult to decide if it is a galaxy or not. Object B, just out- 
side 2ro, is a galaxy (5V6 x 4V5 in the FORSl image), with a 
relatively large (g' - /)ab color of 2.0 mag. 

For objects C and D the probability of finding a galaxy with 
the corresponding 7?c-band magnitude inside a circle of radius 
Iro and 2ro on the sky is p = 0.08 and 0.35, respectively. Given 
that this could be an interacting pair, which partly extends into 
the 90% c.l. error circle, we consider both as GRB host galaxy 
candidates. 



GRB 081012 The field is at high Galactic latitude (b = -71°), it 
is not crowded with stars. The Galactic reddening is very small, 
E(B -V) = 0.02 mag, among the lowest in our sample. The 90% 
c.l. XRT error circle has ro = 1^8 (Fig.lAJl). 

We observed the field with VIMOS and ISAAC about 1 
year after the burst. Our deep VIMOS 7?c-band image shows 
no source within the 90% c.l. error circle down to /?ab=26.7. 
One object (A, Fig. lA.lb is detected between Iro and 2ro. It 
has a cometary shape (178 x V!5) and a magnitude of Rab = 
25.16 ± 0.17. It is possible that this is an irregular galaxy or 
a galaxy with a Galactic foreground star superposed its south- 
ern part. The object is not visible in our ISAAC image down to 
^AB = 23.9. This yields an upper limit of (R - K)ab < 1.2 mag, 
but given the potential foreground star, this color should be con- 
sidered with caution. The field was also observed by GROND 
while searching for the afterglow at a mean time of 19.3 hr after 
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Fig. 9: Deep VLT/HAWKI image of the XRT error cir- 

cle of GRB 0809 15 A taken 28 hr after the burst. Also shown is 
the 90% c.l. XRT error circle (ro = 3V7) as well as a circle of ra- 
dius 2ro. Here object E is not visible and therefore it is indicated 
by a cross. All objects are also detected in a deep VLT/FORSl 
image taken 1 1 days later. 



the burst. Neither object A nor any transient source were de- 
tected in any band (iFilgas et al.ll2008l: Tables [3llAJl). 

Given the absence of any other source within the 90% c.l. 
error circle, object A(p = 0.3) is the only host galaxy candidate, 
even though it is a weak candidate: The angular offset of A from 
the boundary of the 90% c.l. error circle is VfO. For a redshift 
of z = 1 or 0.5 this would correspond to a projected distance of 

8.0 kpc and 6.0 kpc , respectively. This is a relatively large value 
(iBloom et al.ll2002h . If object A is not the host, then the GRB 
host galaxy is fainter than Rab = 26.7 and ^ab = 23.9. 

GRB 081105 The field is at moderately high Galactic latitude 
(b = -58°), not very crowded by stars. The Galactic reddening 
is very small, E(B - V) = 0.03 mag. The 90% c.l. XRT error 
circle has ro = 478 (Fig.lAJl. 

We observed the field with VIMOS and ISAAC about 1 year 
after the burst. In spite of the relatively large size of the XRT 
error circle, in the deep VIMOS 7?c-band image we detect only 
two objects A and B, with AB magnitudes 23.65 ± 0.08 and 
24.26 ± 0.13 respectively (Fig. lA.ll) . Both objects are also vis- 
ible in the deep ISAAC ^^-band image, with AB magnitudes 
22.78 ±0.18 and 22.13 ± 0.14, respectively. In the ISAAC image 
object A splits into two separate objects, with the second one (C; 
Kab = 21.74 ± 0.13) irO south of A (Fig.[TO|. This object C is 
an FRO ((R - K)ab > 3.5 mag). In the /sT^-band image objects 
A and C appear slightly extended, i.e., these might be (interact- 
ing) galaxies. In case of B we cannot determine if it is a star or a 
galaxy. 

The field was also observed by GROND while searching for 
the afterglow, starting about 13 hr after the burst. No transient 
source was detected in any band , only deep upper limits could 
be obtained (IClemens et al.l l2008': Table lAlT) . None of the three 
objects (A,B,C) was detected (Table [3]). 

The (R - K)ab colors of objects A and B (about 0.9 mag and 

2.1 mag, respectively) match those of the sample of GRBHGs at 




Fig. 10: ISAAC /T, -band image of the field of GRB 081 105. Also 
shown is the 90% c.l. XRT error circle (ro = 4V8) as well as a 
circle of radius 2ro. Object C is an FRO. 



a redshift around z = I (SBG09). The probability of finding a 
galaxy with the /?c-band magnitudes of objects A and B inside a 
field of radius Iro is = 0.19 and 0.29, respectively. Given the 
extremely red color of C, and its close distance to galaxy A, we 
consider C as the most likely host galaxy candidate. 

GRB 081204 The field lies at moderate Galactic latitude (b = 
-53°) and is not very crowded with stars. The Galactic redden- 
ing is very small, E(B -V) = 0.03 mag. The 90% c.l. XRT error 
circle is the largest in our sample (ro = 5V3; Fig. lA.lb . 

We observed the field with VIMOS and ISAAC about 1 
year after the burst. Further /-band imaging was performed with 
SOFI at the NTT nearly 2 years after the event. The field is 
rich in objects. Within the 90% c.l. error circle lie at least three 
galaxies (A, B, F; Fig. lA.lb , which stand together within 5V0 
and could represent an interacting group. Objects A and B are of 
similar magnitude (Rab ~ 23.3) and size. Object F (Rab ~ 24.6) 
lies very close, north-east of object B. In the VIMOS image it is 
much fainter than A and B, but in the ISAAC image it stands out 
by its bright, point-like core (^ab = 21.5; Fig.[Tl]). Within the 
(not so small) photometric errors, it can be classified as an ex- 
tremely red object. In addition, in the VIMOS image, about 0'.'7 
north of F, lies another faint, fuzzy object, but it is too faint for 
a further analysis. More objects (C-E; G) are seen between Iro 
and 2ro. The brightest one is a galaxy (C) of similar magnitude 
and size as objects A and B. Objects D and E (Rab =24.2 and 
24.3, respectively) have a rather blue color of (R - K)ab < 2.0 
mag and < 0.0 mag, respectively. Object D is not elongated, E 
is only visible in the VIMOS image, while G is blended with 
a bright star. Given their faintness it is difficult to decide about 
their nature. In the ISAAC image, at least G seems to be sur- 
rounded by a faint halo, possibly indicating that this is a galaxy. 

Deep follow-up observations of the field were also per- 
formed with GROND, while (unsuccessfully) searching fo r the 
aftergl ow about 10 hr after the burst (Table IaTTI Updike et al.l 
l2008ah . Objects A and B are detected in g'r'i'z' (A also in H), 
while C was only seen in /i^J. Galaxy A is blue, its SED is es- 
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^ c 




S'-. \ ■ 

Fig. 1 1 : ISAAC image of the field of GRB 08 1204. Also 

shown is the 90% c.l. XRT error circle (ro = 5V3) as well as a 
circle of radius 2ro. Object F is probably an FRO. 



sentially flat between Rc and Ks ((R - K)ab = 0.8 ± 0.2 mag), 
while B is redder ((R - K)ab = 1.8 + 0.1 mag). Unfortunately, 
photometric redshift estimates are not very accurate for these 
galaxies. 

The SFD of object B shows a jump between the GROND-z' 
band and the SOFT-/ band (Jab = 22.2). If this is the 4000A 
Balmer break, then the redshift is 1.8 ± 0.3 (Fig. [12]). Such a 
feature is also seen in the SFD of galaxy C. Indeed, Hyperz finds 
solutions within the redshift interval I < z <2 with different sets 
of extinction laws, galaxy templates, and host extinction values. 



20.0 




Fig. 12: Hyperz best-fit solution of the broad-band SFD of object 
B in the XRT error circle of GRB 081204. The fit suggests a spi- 
ral galaxy at a redshift ofz= 1.8 + 0.3 with a moderate intrinsic 
SMC extinction of A^^^^ = 0.3 mag (x^/d.o.f= 0.5). 



Given the connection of long GRBs with young stellar pop- 
ulations, it is appealing to have an interacting group of galax- 



ies inside the 90% c.l. error circle. The magnitude-probability 
criterion gives for objects A and B p = 0.16 and p = 0.19, re- 
spectively, which does not prefer one galaxy over the other. The 
probability to find a galaxy with the red color of F within an area 
of radius Iro is much smaller, however: pero = 0.09. Therefore, 
we consider F, which is possibly interacting with B, as the most 
likely birthplace of GRB 081204. 
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Fig. 13: Application of the J04 criterion: Observed upper lim- 
its in the Rc band compared to the measured flux density at 
1.73 keV (the logarithmic mean of the Swift/XKT window, 
0.3 - 10 keV) for the 17 bursts in our sample. In those cases 
where no 7?c-band data were available, we used the observed 
spectral slope y^ox to shift the flux density from the native fil- 
ter to the R band (Table |4|. The bursts falling in the gray area 
fulfill the J04 criterion. The three bursts which can be consid- 
ered as securely classified dark bursts according to J04 as well 
as V09 (see Fig. [14]) are marked with a filled black triangle (see 
Sect. [11. 
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Fig. 14: Application of the V09 criterion: Deduced upper lim- 
its for the spectral slope y^ox as compared to the measured spec- 
tral slope of the afterglow in the X-ray band. The same symbols 
are used as in Fig. [131 The bursts falling in the gray area ful- 
fill the V09 criterion. Here y^ox = 0.5 is highlighted in order to 
compare with the J04 criterion. 
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Table 2: Summary of the photometry of all objects found in the XRT error circles based on the VLT observations. 



# 


GRB 


Object 


R.A., Dec. (J2000) 


^AB 


^AB 






XRTpos 


2 


050922B 


- 


no candidates 


>26.5 


>22.8 


26.5 


22.8 




5 


060919 


A 


18:27:41.78, -51:00:51.0 


26.14 + 0.24 


>23.4 


26.5 


23.4 


1 




060Q9^R 


A^ 




?^ 10 + 011 


21 76 + OQ 


26.6 


24.3 


2 










21 67 + 02 




26.6 


24.3 


2 










24 4Q + 04 


22 87 + 1 5 


26.6 


24.3 


1 








15:52:46.63, -30:54:16.4 


25.74 + 0.12 


21.63 + 0.06 


26.6 


24.3 


2 






ga 


15:52:46.66, -30:54:12.9 


blended with A 


blended with A 


26.6 


24.3 


1 


7 


061102 


A 


09:53:37.93, -17:01:22.7 


24.10 + 0.06 


>22.8 


26.9 


22.8 


2 






B 


09:53:37.89, -17:01:30.8 


23.96 + 0.06 


>22.8 


26.9 


22.8 


2 


8 


070429A 


A 


19:50:48.78, -32:24:13.6 


25.01 + 0.20 


22.57 + 0.25 


26.5 


23.8 


3 








19:50:48.78, -32:24:18.1 


24.14 + 0.09 


22.39 + 0.21 


26.5 


23.8 


1 








19:50:48.90, -32:24:17.4 


24.32 + 0.08 


21.89 + 0.14 


26.5 


23.8 


1 






D 


19:50:49.10, -32:24:17.3 


>26.5 


23.01 + 0.40 


26.5 


23.8 


2 


9 


0705 17A 


A 


18:30:29.08, -62:17:53.0 


25.39 + 0.21 


>23.4 


26.6 


23.4 


1 


10 


080207 


A 


13:50:03.03, +07:30:09.3 


25.15 + 0.17 


23.02 + 0.39 


26.9 


23.6 


2 






B 


13:50:02.97, +07:30:07.2 


26.49 + 0.37 


21.77 + 0.14 


26.9 


23.6 


1 


11 


0802 18B 


A 


11:51:49.69, -53:05:49.1 


26.23 + 0.13 


21.74 + 0.10 


27.3 


24.0 


1 






B 


11:51:50.00, -53:05:47.4 


24.62 + 0.04 


22.74 + 0.24 


27.3 


24.0 


3 


12 


\JO\J\j\JZ. 








22 5S + O'S 


26.9 


23.5 


I 






B 


01:16:42.12, -09:13:57.5 


24.00 + 0.06 


>23.5 


26.9 


23.5 


2 






C 


01:16:42.14, -09:13:53.4 


>26.9 


22.49 + 0.14 


26.9 


23.5 


2 


13 


080727A 


- 


no candidates 


>26.3 


>23.0 


26.3 


23.0 




14 






01 -11 -47 80 -76-01 -l^Q 


21 6^ + 01 


20 42 + 02 


26.3 


23.4 


I 






B 


01:11:45.27, -76:01:10.4 


21.28 + 0.01 


19.19 + 0.01 


26.3 


23.4 


3 






C« 


01:11:47.47, -76:01:10.0 


24.71 + 0.07 


>23.4 


26.3 


23.4 


1 








01:11:46.98, -76:01:09.5 


24.57 + 0.08 


>23.4 


26.3 


23.4 


2 






ga 


01:11:47.16, -76:01:15.1 


25.44 + 0.15 


>23.4 


26.3 


23.4 


1 


15 


081012 




0?-n0-48 18 -17-^8-lS? 


?S 16 + 17 


>23.9 


26.7 


23.9 


2 


16 


081105 


A 


00:15:48.42, +03:28:11.6 


23.73 + 0.08 


22.78 + 0.18 


26.1 


24.5 


1 






B 


00:15:48.30, +03:28:13.8 


24.34 + 0.13 


22.13 + 0.14 


26.1 


24.5 


1 






C 


00:15:48.46, +03:28:10.7 


>25.3 


21.74 + 0.13 


26.1 


24.5 


1 


17 


081204 


A^ 


23:19:09.39, -60:13:31.5 


23.21 + 0.04 


22.37 + 0.16 


26.4 


24.3 


1 






B« 


23:19:09.13, -60:13:30.2 


23.46 + 0.04 


21.59 + 0.08 


26.4 


24.3 


1 






C 


23:19:08.99, -60:13:23.4 


23.16 + 0.07 


22.06 + 0.11 


26.4 


24.3 


2 






D 


23:19:08.89, -60:13:37.6 


24.19 + 0.10 


22.16 + 0.15 


26.4 


24.3 


2 






E 


23:19:09.10, -60:13:39.4 


24.32 + 0.12 


>24.3 


26.4 


24.3 


2 






pa 


23:19:09.24, -60:13:29.4 


24.65 + 0.50 


21.53 + 0.07 


26.4 


24.3 


1 






G 


23:19:08.30, -60:13:39.0 


blended with a star 


21.57 + 0.15 


26.4 


24.3 


2 



Notes: Column: (2) GRB 050717, GRB 06021 lA, and GRB 060805A are the only bursts in our sample for which we do not have VLT data 
(see Table [3])- (3) Objects identified in the XRT error circles (see Sect. 13.31 ). (5) Observed magnitudes. UL stands for the 3<t upper limit. The 
last column defines the distance of the object from the center of the 90% XRT error circle of radius tq (see Table [T])- A value n means that the 
source lies within [(n - 1) ro,nro]. Special notes about the photometry: All magnitudes are based on (2x FWHM) aperture photometry, except 
for those cases where the object was aff"ected by near-by objects. In the latter case we used either (a) PSF photometry or (b) Ix FWHM aperture 
photometry. In particular, we gave preference to the latter in the case of elongated objects. 
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Table 3: Summary of the photometry of all objects found in the XRT error circles based on observations with GROND. 



# 


GRB 


Obj. 


R.A., Dec. (J2000) 


Sab 


^AB 


^AB 


^AB 


Jab 


Hab 


^AB 


XRTpos 


1 


050717 


A 


14:17:24.56, -50:31:58.7 


>25.4 


23.65(10) 


23.01(11) 


23.40(30) 


>22.6 


>21.9 


>21.1 


2 








14:17:24.58, -50:32:01.6 


> 25.4 


24.50(40) 


23.50(40) 


22.80(30) 


>22.6 


>21.9 


>21.1 


1 


3 


060211 A 


A 


03:53:32.66, +21:29:19.8 


> 25.2 


24.51(20) 


> 24.8 


> 24.4 


>23.4 


>21.6 


>21.6 


1 






B 


03:53:32.43, +21:29:16.3 


23.60(08) 


23.09(06) 


22.76(09) 


23.31(10) 


<23.1 


>21.6 


21.50(20) 


3 






C 


03:53:32.57, +21:29:18.0 


> 25.2 


> 24.9 


> 24.8 


> 24.4 


23.1(30) 


^ O 1 

>21.D 


^ O 1 

>21.D 


1 






D 


03:53:32.69, +21:29:20.90 


> 25.2 


> 24.9 


> 24.8 


> 24.4 


23.4(40) 


>21.6 


>21.6 


2 


4 


060805A 


A 


14:43:43.49, +12:35:12.5 


>25.5 


25.4(40) 


> 24.6 


>24.2 


>22.9 


>21.8 


>21.1 


1 






B 


14:43:43.39, +12:35:10.1 


23.42(16) 


23.68(12) 


> 24.6 


> 24.2 


>22.9 


>21.8 


>21.1 


2 


10 


080207 


A-B 


see TableE] 


>25.4 


>24.9 


>23.9 


>23.8 


>22.0 


>20.8 


>20.1 


1,2 


11 


080218B 


A 


see TableE] 


>25.5 


>24.9 


>24.2 


>24.1 


>22.8 


>21.4 


>21.2 


1 






B 


see Table [3 


25.10(30) 


24.30(30) 


— 


23.27(10) 


>22.8 


>21.4 


>21.2 


3 


12 


080602 


A 


see TableE] 


22.96(10) 


22.93(08) 


22.86(13) 


22.60(14) 


>21.4 


>21.0 


>20.6 


1 






B 


see Table [3 


>25.3 


23.73(12) 


23.90(29) 


22.97(17) 


>21.4 


>21.0 


>20.6 


2 






C 


see TableE] 


>25.3 


>25.5 


>24.9 


>24.6 


>21.4 


>21.0 


>20.6 


2 


14 


080915A 


A 


see Table [3 


22.05(10) 


21.27(10) 


21.21(10) 


20.80(10) 


20.53(02) 


20.37(03) 


20.39(15) 


1 






B 


see TableE] 


23.30(30) 


21.14(05) 


20.88(06) 


20.28(12) 


19.74(06) 


19.33(06) 


19.00(08) 


3 






C-E 


see Table [3 


>24.0 


>24.3 


>24.1 


>23.9 


>22.1 


>21.3 


>21.3 


1,2 


15 


081012 


A 


see Table [3 


>23.8 


>23.8 


>23.4 


>23.2 


>21.8 


>21.3 


>21.0 


2 


16 


081105 


A-C 


see Table [3 


>24.0 


>23.9 


>23.3 


>22.9 


>21.4 


>20.7 


>20.3 


1 


17 


081204 


A' 


see Table [3 


23.69(10) 


23.74(08) 


23.25(11) 


23.09(15) 


22.50(16) 


>21.5 


>20.9 


1 








see Table [3 


24.18(30) 


23.74(08) 


23.53(14) 


23.29(17) 


22.15(15) 


>21.5 


>20.9 


1 






C 


see Table[3 


>25.0 


23.96(17) 


23.62(28) 


>24.0 


22.55(19) 


>21.5 


>20.9 


2 






D-G 


see Table [3 


>25.0 


>25.0 


>24.7 


>24.0 


>22.0 


>21.5 


>20.9 


1,2 



Notes. Columns (4-10): Observed magnitudes. Magnitude errors are given in units of 10 mmag. In case of GRB 060211 A we report the 
NEWFIRM / and K,-bmd results. In the case of GRB 081204 we report the NTT/SOFI /-band results. For GRB 080218B the /'-band data are 
affected by a ghost image from a bright star. Upper limits are 3cr. Special notes about the photometry: (b) see Table[3 



3.4. Adding X-ray data: which bursts are truly optically dark? 

According to iJakobsson eTaP (I2QQ4 (hereafter J04), a GRB 
with a detected X-ray afterglow is considered dark if the spectral 
slope between the optical and the X- ray regimes obey the rela - 
tion y^ox < 0.5, while according to Ivan der Horst etal.1 (l2QQ9h 
(her eafter VQ9) a bu rst is optically dark if y^ox < Px- 0.5 (see 
also iRol etal.lf2005h . Both definitions are suited to find addi- 
tional dimming of the optical flux as compared to the observed 
X-ray flux, assur ning s tandard afterglow theory (eg. JSari et alJ 
ll998[|Rossi etal.ll2Qllh . 

In order to determine /5x and /5ox, we used the data 
from the SwiftlXK V GRB light curve and spectrum repository 
(lEvans e t al 2007, 2009). Typically, the optical upper limits and 
X-ray data were not obtained at the same time. Therefore, we 
fit the X-ray light curves in order to interpolate the X-ray flux 
contemporaneous to the corresponding optical/NIR upper lim- 
its. Please note that the collected upper limits come from GCNs 
and often these values are not well calibrated or even contain 
systematic errors. In the case of observations performed with 
GROND or where we were able to collect the original data there 
are no calibration issues (GRBs 070429A, 0705 17A, 080207, 
080218B, 080727 A, 080915A, 081012, 081 105, 081204). In the 
other cases one can introduce a systematic error, for example 
0.5 mags. This translates in a ~ 0.07 systematic error in the value 
for the upper limit of y^ox and in ~ 0.5 in the value of the extrap- 
olated upper limit in the Rc band. Therefore, one has to keep in 
mind this efl'ect in the following. Given that this is difficult to es- 
timate, it will not be considered in our calculation. Likely, as we 
will show, this systematic will not aff'ect the burst classified as 



dark GRBs. Given that bluer filters are more aff'ected by Lyman 
drop-out and uncertainties in the extinction, we gave preference 
to the upper limits obtained in red filters. However often the red- 
der filter resulted to be the UVOT v-band, while we used to shift 
in the Rq band in order to compare with other afterglow light- 
curves (Fig. [T]) and for visualize the J04 criterion in a common 
picture (Fig. [T3l) . While shifting from redder to bluer filter can 
only result in overestimating the optical flux and therefore y^ox, 
shifting from v-band to the 7?c-band can underestimate the flux 
and the y^^ox upper limit. This is true especially in case the Lyman 
drop-out falls between v and 7?c -bands. However, note that this 
fact does not afl'ect the J04 or V09 criterion used here, because 
only the native filters where used to compute y^ox upper limits, 
and the extrapolation to a common 7?c-band where used only for 
better visualizing the results. For the X-rays, we used the flux 
density at 1.73 keV (corrected for Galactic absorption), which is 
the logarithmic mean of the Swift IXKV window (0.3 - 10 keV). 
Where the X-ray data are concerned, we gave priority to those 
time intervals where the light curves were smoothly decaying 
(which difl'er from burst to burst) and during which fix was con- 
stant (within the errors). If possible, we used only optical up- 
per limits that were taken at times reasonably separated from the 
prompt GRB phase. Among all computed values, we chose those 
that implied the lowest y^ox values. 

Table|4] summarizes our results. Here A = /3x -Pox - 0.5. To 
be conservative, we used its minimum value Amin, based on the 
90% c.l. error of Px- If Amin > 0, a burst is classified as dark ac- 
cording to V09. Five events, namely GRBs 050922B, 070429A, 
080207, 080218B, and 080602, are dark according to both def- 
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initions, while GRB 050717 is dark according to J04 only and 
GRBs 0809 15 A and 081204 are dark only according to V09 
(Figs. \T3\ [141). Following the above discussion, we consider a 
GRB dark if it fulfills both the criterion of J04 and V09. 

We note that at the time when the optical upper limits were 
obtained some shortcomings could limit the validity of this ap- 
proach: (1) an X-ray light curve that is rather flat than decay- 
ing might point to an additional X-ray component, while the 
aforementioned procedure assumes a single radiation compo- 
nent (this afl'ects GRB 080602), (2) a substantial time gap in the 
X-ray data base (GRB 050922B), (3) an evolving X-ray spectral 
slope (GRB 050717), and (4) a large measurement error (> 1) of 
the X-ray spectral slope (GRB 080915A, 081105, and 081204). 
Taking all this into account, only three events in our sample can 
be securely classified as dark bursts (GRBs 070429A, 080207 A, 
080218B). AU other bursts, except GRB 070517A, can still be 
truly dark bursts but the available data are not sufficient to claim 
this with certainty. 



4. Discussion 

In the following, we first classify the host galaxy candidates we 
have found. Then, we focus on the implications of our findings 
of FRO galaxies for the intepretation of the optical dimness of 
the afterglows in our sample. 



4.1. Magnitude-probability candidates 

These are host candidates defined by the probability p to ran- 
domly find a galaxy of the given 7?-band magnitude inside 
an area with the size of the corresponding XRT error circle 
(Sect. [T2I Table O. We arbitrarily required p < OA (within 
the Icr error). The corresponding host galaxy candidates are: 
GRB 050717, objects A and B; GRB 060211 A, objects A and 
B; GRB 060805A, objects A and B; GRB 060923B, objects A 
and C; GRB 070429A, objects B and C; GRB 0705 17A, ob- 
ject A; GRB 080207, object B ; GRB 080602, object A; GRB 
0809 15 A, object C. Note that in the case of GRB 070429 A two 
galaxies have p < 0.1, and our VLT data reveal that they could 
constitute a tightly bound pair. Note also that the optical after- 
glow of GRB 0705 17 A has been identified in the present paper 
(Sect. 13.31) and in this case p gives the corresponding probabil- 
ity to find the galaxy labeled A (Fig. lA.lb at the given angular 
distance from the afterglow position. 

The other cases in our sample have p > 0.1, either because 
the detected galaxies are too faint, the XRT error circles are too 
big, or a mixture of both. Also, if more than one galaxy is found 
inside an XRT error circle, this criterion does not often prefer 
one candidate over the other, as the diff'erences in the corre- 
sponding /7-values are not sufficiently large (e.g., GRB 050717 
and GRB 061102; Table [5]) . This situation changes, however, if 
we consider number counts of extremely red objects. 



4.2. Extremely red objects as candidates 

Long bursts t race the birth places of the most massive stars (e.g., 
iFruchter etal .1120061) . which leads to the expectation that a cer- 
tain percentage of hosts of long bursts are dust-enshrouded, star- 
burst galaxies. Among them, the most extreme cases are classi- 
fied as FROs. So far, there is only a small number of hosts known 
which enter this category: GRB 020127 (Berber etal. 2007), 
GRB 03 0115 (L evanetal. 2006; Dullighan et al. 2004), GRB 
070521 (iPerlev et al.. .20091 GRB 080207 (Hunt et aL 120111: 



ISvensson et all l201ll) . G RB 080325 (iHashimoto et al.l l2010l) 
as weU as GRB 080607 (IChen et al.l l2010l 1201 lb iPeriev et alJ 
2011). 

In our sample, seven objects fall (within their Icr magnitude 
error) into this category (Table O. These are: GRB 060923B, 
object D with (R-K)ab = 3.82 + 0.13 mag; GRB 070429A, ob- 
ject D with > 3.5 mag (within the Icr error in ^,); GRB 080207, 
object B with 4.66 ± 0.40 mag; GRB 080218B, object A with 
4.15 ± 0.16 mag; GRB 080602, object C with > 4.3 mag; GRB 
081105, object C with > 3.5 mag; GRB 081204, object F with 
3.1 ±0.5 mag. Three of them lie within the corresponding 90% 
c.l. XRT error circle (GRB 080207, 080218B, and 081204), one 
object lies at Iro (GRB 081105), the other three objects lie 
within less than 1 .5ro. All objects have ver y small p-values based 
on number counts of FROs on the sky (iGonzalez-Perez et al.l 
20091 

4.3. Lyman-dropout candidates 

For two of the 17 bursts investigated here (GRBs 050922B and 
080727 A) we could not find any galaxy inside 2ro, where ro is 
the corresponding 90% c.l. XRT error circle radius. Therefore, 
we consider the optical afterglows of these events as Lyman 
drop-out candidates. Though we cannot rule out very faint hosts 
atz < 5. 

An additional, but weaker Lyman drop-out candidate, is the 
optical afterglow of GRB 081012. Here we find only one galaxy 
between Iro and 2ro. As we have noted in Sect. 13.31 if we con- 
sider this as the host, then the off'set of the afterglow from the 
center of this galaxy would be quite large. Therefore, an alterna- 
tive interpretation would be that the host is not detected in our 
deep VLT images, i.e. it could be Lyman dropped out. 

In two other cases a galaxy is found not closer than Iro from 
the center of the corresponding error circle (GRBs 060923B and 
061102), but the galaxy's outer parts extend to within the 90% 
c.l. XRT error circle. In other words, here the afterglow could 
have been placed well inside Iro. Therefore, we do not consider 
the optical afterglows of these two bursts as Lyman drop-out can- 
didates. 

Finally, among the seven FRO galaxies discovered in 
our sample, four have been detected in R, i.e. they are not 
Lyman dropped out. On the other hand, those three FRO 
galaxies with no 7?-band detection could lie at higher red- 
shifts (GRB070429A/object D, GRBs 080602/object C and 
0811055/objectC). 

We conclude, in our sample we have up to six Lyman drop- 
out candidates (~ 30%), in all other cases such an interpretation 
is not required. Given the low-number statistics, we consider this 
as being in qualitative agreement with lPerley et al.l (12009), who 
found that in their sample of optically non-detected afterglows 
at most 14% are at a redshift z> 5. 



4.4. Interacting pairs of galaxies as candidates 

Since long bursts are related to star formation, their host galax- 
ies could be interacting, morphologically disturbed galaxies, 
wher e a starburst was tri ggered by galaxy-galaxy-interaction 
(e.g.. IFruchter et al.l [l999h . In our images, we find four such 
potential cases where at least one partner lies inside the 90% c.l. 
XRT error circle. These are GRB 070429A, objects B and C (Rc 
band; Fig.|Al]); GRB 080602, objects A and C (Ks band; Fig.O; 
GRB 0809 15 A, objects C and D (Rc and band; Figs. \AA\ 
|9]) as well as GRB 081204, objects B and F (Rc and Ks band; 
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Table 4: Summary of the darkness properties of our sample. 



# 


GRB 


Time (s) 


UL 


Filter 




Ref. 


Pox 


Px 


^min 


Comments 












\P) 


yi ) 










1 


050717 


420 


19.0 


V 


18.2 


GCN 3638 


<0.40 


92+0-23 


-0.20 


a;b 


2 


050922B 


49000 


22.5 


r' 


22.3 


GCN 4025 


< 0.39 


1 ^y"*"^-^^ 


0.61 


c 


3 


060211 A 


19980 


22.0 


Rc 


21.8 


GCN 4927 


< 0.71 


1 O/1+0 28 


-0.18 




4 


060805A 


63000 


22.9 


r' 


22.7 


GCN 5406 


< 1.00 


1 4Q+0.50 

1 10+0-^3 


-0.63 


- 


5 


060919 


918 


20.2 


V 


19.8 


GCN 5580 


< 0.68 


-0.70 


a 


6 


060923B 


295 


18.5 


V 


17.9 


GCN 5603 


<0.62 


1-28S 


-0.37 


b 


7 


061102 


1480 


20.5 


V 


20.1 


GCN 5784 


< 1.10 




-1.50 


d 


8 


070429A 


44064 


24.0 


Rc 


23.8 


GCN 6371 


< 0.42 


1.25+0-2^ 


0.14 


•;g 


9 


0705 17A 


57600 


24.5 


i' 


24.3 


GCN 6420 


< 0.56 


1 77 


-0.09 


f 


1 r\ 


UoUzU / 


jJd4 


ZU.J 


Rc 


zU.J 


/^/^TVT 'Till 

LrCJN 1555 


< U.ZD 


1 cn+0.19 


U.JD 


• 


11 
12 


080218B 
080602 


11520 
504 


24.7 
20.3 


r' 

V 


24.3 
20.2 


TablefO 
GCN Rep. 145.1 


<0.18 
<0.05 


1 36+^-2^ 

1 or^-^^ 


0.46 

0.34 


• 

e 


13 
14 


080727A 
080915A 


2268 
6840 


19.8 
22.1 


K 
Ic 


22.8 
22.1 


GCN 8048 
GCN 8248 


<0.85 
<0.62 


-^4-7+0.26 

2 10+^-^^ 


-0.05 
0.08 


d 


15 


081012 


69660 


23.5 


/ 


23.4 


TablefO 


<0.83 


-1.11 




16 


081105 


46224 


23.0 


r' 


22.8 


TablelAH 


<0.61 




-0.21 


d 


17 


081204 


34560 


24.1 


r' 


23.9 


TablefO 


<0.55 


1 Qo + 1.56 
^•^•^-0.77 


0.11 


d 



Notes: Columns: (3 to 5) Time after the burst and reported upper hmits (UL) of the afterglow (observed magnitudes); r'-band magnitudes are 
given in the AB system, all others in the Vega/UVOT system. (6) Deduced UL in the Rc band (AB system) after correcting for Galactic extinction 
and after shifting from the native filter wavelength (column 5) to the Rc band using the upper limit on /?ox- (8) If pox < 0.5 then a burst is dark 
according to J04. (10) The minimum value (based on the 90% confidence error of /?x) of the quantity A = px - pox - 0.5. If Amin > then a 
burst is dark according to V09. (11) (a) During the time of the observed UL the SED in the X-ray band is not constant, (b) The observed UL 
lies close to the end of the prompt GRB phase, (c) No X-ray data exist at the time when the UL was obtained, (d) Very faint X-ray flux; no 
well-defined X-ray light curve, (e) Flat X-ray light curve during the time when the UL was obtained, (f) The optical afterglow was detected; see 
Sect. 13.31 (g) No UL is reported in the corresponding GCN (Price 2007). We used Rc = 24.0 based on t he original data which are available in the 
Gemini archi ve. A bul let (•) indicates that the b urst is truly dark according to J04 and V09 (Sect. l3.4t . Column (7; references): 1. Blustin etaQ 

f)5); 2. Guziv et al.lf2005); 3. SharapojvLet al.lf2006); 4 Rol & Page (2006): 5 Breeyeld & Guidorzi (2006); 6. Holland & Cucchiara (lOO^Pf 
land (2006); 8. Price (2007); 9. Fox et al. (2007); 10. ICucchiara & Ukwattal (120081) : 1 1. lAndreev et alT(l2008h : 13. iBeardmore etall (l2008eh : 
14. lLevan & Wiersema (.2008.) : 15. .Rossi et al., (.2008d) 



Figs. 10 \TQ. Also object B in the field of GRB 061 102 looks 
morphologically disturbed (Fig. lA.ll) but no other galaxy very 
close to it is seen in our images. 

There are no statistics at hand that could provide chance 
probability values for finding an interacting pair of galaxies 
in a randomly chosen area on the sky. Nevertheless, we con- 
clude that the search for an interacting pair could be a good se- 
lection criterion to find GRB host galaxy candidates (see also 
IWainwright et al.ll2007l) . 

4.5. Normal candidates 

The fields of five bursts (GRBs 050717, 060211 A, 060805 A, 
060919, and 081012) stand out in our sample. In these cases 
galaxy candidates are seen in the corresponding XRT error cir- 
cle, at least within 2ro, but no EROs are found, nor is there ev- 
idence of an interacting pair. We must conclude that if one of 
these is the host, then it is a normal galaxy, i.e., typical for host 
galaxies of n ot ext inguished GRBs. This is in agreement with 
iPerley et aP (l2QQ9l) . who found that in their sample most dark 
burst host galaxies are normal GRBHs, phenomenologically not 
diflTerent from the hosts of bursts with optically detected after- 
glows. 

A special case is GRB 0705 17 A, where we could ident ify the 
optica l afterglow based on the early observations by Fo x et al.l 
(l2QQ7l) . Here only one object is found within Iro, but this object 
is offset from the position of the optical afterglow by 1.6 arcsec. 



A redshift z < 0.5 is required in order to avoid a projected oflT- 
set in kpc which is rather large compared to the observed mean 
of the GRB oflfset distribution ( Bloom et al. 2002). This redshift 
then further implies a subluminous galaxy (see Sect. 14. 6K but 
otherwise no strong constraints on its properties can be set. 

4.6. Redshift estimates 

No precise redshifts are known for the galaxies we have found in 
the XRT error circles. In the case of GRBs 080602 and 081204 
the redshift is surely below 3.5 due to the detection of the objects 
in the GROND g' band but no further constraints can be set. 
Therefore, we use two approaches to obtain redshift estimates. 

First, in Table lA. 3] we provide estimated redshifts by assum- 
ing the galaxies have absolute magnitudes of Mr = -22, -20, 
and -18, respectively. The first value is about 1 mag below 
the most luminous galaxie s found in the Las Campanas red- 
shift survey (Mr = -23: iLin etaDll996h . The middle value 
is approximately the characteristic M* of the corresponding 
Schechter r-band luminosity function. The third value roughly 
corresponds to the absolute magnitude of the Large Magellanic 
Cloud. By adopting a power-law spectrum for the SED of the 
form Fy oc y~^, we then calculate the corresponding redshift for 
two diflTerent spectral slopes (J3 = 0.0 and 1.0)0 If the deduced 

^ Thereby, the absolute /?-band magnitude is given by Mr - mR - 
fi - k, where fi is the distance modulus and k is the cosmological k- 
correction, k - -2.5 (1 - P)\og{l + z). 



15 



Rossi et al: Dark GRB host galaxies 

Table 5: Summary of the properties of the objects found in the XRT error circles. 



# 


GRB 


Object 


/?-band size 


^^-band size 


Comment 


{R - K)ab 


{R - ^)vega 


XRTpos 


P 


Pero 


1 


050717 


•A 


2.1 X 3.9 


not visible 


G 


< 1.98 


<3.61 


2 


0.05+0.01 








•B 


1.2 X 1.3 


not visible 




< 2.83 


<4.46 


1 


0.03+0.01 




2 


050922B 


no candidates 
















3 


060211 A 


•A 


1.1 X 1.2 


not visible 


G 


<2.53 


<4.16 


1 


0.03+0.01 








•B 


3.8x2.2 


3 sources 


G 


< 1.21 


2.84 + 0.21 


3 


0.08+0.01 










only in / 


- 


G 


- 


- 


1 


- 








•U 


only in J 


- 


- 


- 


- 


1 


- 




4 


060805A 


•A 


1.5 X 1.1 


not visible 


G 


<4.3 


<5.9 


1 


0.06+0.01 








•B 


2.7 X 1.3 


not visible 


G 


<2.5 


<4.1 


2 


0.09+0.01 




5 


060919 


•A 


1.5 X 1.4 


not visible 




<2.60 


<4.23 


1 


0.15+0.03 




D 




A 


2.1 X 2.2 


Z.Z X i.o 


V_r 


i.Uj 


1 _i_ n 1 /I 


z 


U.Uo+U.Ul 








B 


2.0 X 2.0 


1 O 1 o 

i.y X i.y 


c 


Z.4J 


A r\A. _i_ n r\A 
4.Ud + U.U4 


z 










\^ 


i. i X i.U 


0.8x0.8 




1.33 


2.96 + 0.16 


1 


0.04+0.01 








•D 


1.3 X 1.3 


0.8x0.8 


G 


3.82 


5.45 + 0.13 


2 


0.37+0.03 


0.04+0.01 






E 


blended with A 


blended with A 








1 


— 




7 


061102 




Z.J X i.J 


not visible 


G 


< 1.22 


<2.85 


2 


0.34+0.01 








•B 


1.8 X 1.9 


not visible 


G 


< 1.08 


< 2.71 


2 


0.31+0.01 




8 


070429A 


A 


3.8 X 1.4 


1.9 X 1.1 


G 


2.10 


3.73 + 0.32 


3 


0.54+0.05 








•B 


2.8 X 1.4 


blended with C 


G 


1.41 


3.04 + 0.23 


1 


0.04+0.01 








•C 


1.7 X 1.5 


i.J A i.U 


VJ 


9 HQ 


J. /Z ± U. ID 


1 
1 


U.UJ±U.Ui 








•D 


not visible 


i .D X i.U 


v_r 


^ ^ 1 
^ J. i 


^ / 


9 
z 




n 07-1-0 01 

U.U / itU.Ui 


9 


0705 17A 


•A 


1.6 X 1.3 


not visible 


G 


< 1.69 


< 3.32 


1 


0.07+0.02 




10 


080207 


A 


2.4 X 1.3 


not visible 


G 


2.08 


3.71 + 0.43 


2 


0.20+0.02 








•B 


2.1 X 1.1 


1 ^ V n Q 

i .D X \j.y 


VJ 




D.Z^7 It U.H-U 


1 
i 


U. iH-ltU.UH- 


01 -1-0 01 

U.Ui itU.Ui 


11 


080218B 


•A 


2.5 X 1.1 


1.4x0.7 


G 


4.15 


5.78 + 0.16 


1 


0.12+0.01 


0.01 






B 


1.6 X 1.5 


0.8x0.8 




1.54 


3.17 + 0.24 


3 


0.28+0.01 




12 


080602 


•A 


2.6 X 2.0 


1.2x0.8 


G 


0.34 


1.97 + 0.05 


1 


0.01+0.01 








B 


2.0 X 1.8 


not visible 


G 


<0.44 


<2.07 


2 


0.13+0.01 








•C 


not visible 


1.2 X 0.8 


G 


> 4.35 


> 5.98 


2 




0.04+0.01 


13 


080727A 


no candidates 
















14 


0809 15 A 


A 


3.5x3.5 


1.2 X 1.2 


s 


1.11 


2.74 + 0.02 


1 










B 


5.6x4.5 


3.4 X 1.8 


G 


1.99 


3.62 + 0.01 


3 


0.16+0.01 








•C 


1.2 X 1.2 


not visible 


G 


< -0.29 


< 1.34 


1 


0.08+0.01 








•D 


1.2 X 1.2 


not visible 


G 


<0.03 


< 1.66 


2 


0.35+0.01 








E 


1.5 X 1.5 


not visible 




< 1.94 


<3.57 


1 


0.13+0.01 




1 r 
i J 


UoiUiz 


•A 


1.8 X 1.5 


not visible 


Lr 


< i.zi 


< z.o4 


z 


n Q 1 _i_n HQ 




16 


081105 


A 


1.2 X 1.2 


1.0 X 1.0 


G 


0.89 


3.56 + 0.15 


1 


0.19+0.01 








B 


1.1 X 1.1 


0.8 X 0.8 




2.15 


3.78 + 0.19 


1 


0.29+0.02 








•C 


not visible 


0.8 X 0.5 


G 


>3.50 


>5.13 


1 




0.08+0.01 


17 


081204 


A 


2.1 X 1.4 


0.9 X 0.5 


G 


0.79 


1.61 +0.16 


1 


0.16+0.01 








B 


2.7 X 1.4 


1.1 X 0.8 


G 


1.82 


2.74 + 0.09 


1 


0.19+0.01 








C 


2.2 X 1.7 


0.9 X 0.6 


G 


1.05 


2.58 + 0.13 


2 


0.49+0.02 








D 


1.2 X 1.2 


0.5 X 0.5 




1.98 


< 1.46 


2 


0.78+0.03 








E 


1.2 X 1.2 


not visible 




< -0.04 


< 1.59 


2 


0.81+0.03 








•F 


~ 1 


0.6 X 0.6 


G 


3.1 


4.7 + 0.50 


1 


0.67+0.11 


0.09+0.01 






G 


blended with a star 


1.5 X 1.5 








2 







Notes: (1) A bullet (•) in column #2 indicates the most likely GRB host candidate. If more than one candidate is marked then we cannot determine 
which is the best. For details about the selection, see Sect. 13.31 GRBs that are truly dark according to J04 and V09 are highlighted in boldface. 
(2) Angular sizes are given in units of arcsec. (3) Magnitude errors in (R - K)ab are identical to the corresponding errors for (R - ^)vega- Colors 
are corrected for Galactic extinction. (4) The last two columns gives the chance probability p of finding a galaxy of the corresponding extinction- 
corrected (Vega) /?-band magnitude on the sky in a region with the size of the corresponding X-ray error circle with a radius r = XRTpos x tq 
(Eq.[T]). Thereby, the first column refers to number counts of galaxies of all kinds. If the object is for sure a star, then no value is given. The second 
column refers to number counts of EROs only (see Sect. 14.81 ). (5) Comment "G" stands for galaxy, "S" for star; if no letter is given then we could 
not determine if this is a star or a galaxy. (6) In case of GRB 0705 17 A, the probability p is based on the distance between the afterglow and galaxy 
A, (176; Sect.O. GRB 070429 A/object D and GRB 081204/object F are EROs within the large Icr photometric error. 



16 



Rossi et al: Dark GRB host galaxies 



redshift is larger than 5, Lyman dropout in the 7?-band could have 
affected the apparent magnitudes and no values for z are given. 
We find that most galaxies less luminous than the Milky Way 
Galaxy probably lie at redshifts smaller than z = 2. 

As a second approach we used the £^peak-^iso correlation for 
long GRBs ( Amati 2006) by analyzing the Swift IBP^T or Konus- 
Wind spectrum. Unfortunately, for the majority of the bursts the 
required spectral information for this analysis is not available. 
Only in five cases did we obtain results, though they are not very 
constraining (Table |A3]). In the case of GRB 080207 and GRB 
080602 the £^peak-^iso relation constrains the redshift to z > 0.9 
(2(t) and z > 1 (2(t), respectively, in agreement with the photo- 
metric redshifts found for GRB 080207 (z ~ 2.2; Sect.O and 
GRB 080602 {z ~ 1.4; Sect.O. 

4. 7. Host galaxy candidates of truly dark bursts 



iFvnbo et al.l (l2009h shows that at least 39% of optically dim 
GRB afterglows are dark according to the J04 criterion. In our 
sample GRBs 070429A, 080207, and 080218B are truly opti- 
cally dark (Sect. 13.41) and also belong to our small subsample 
of bursts with extremely red host galaxy candidates (Sect. 14.21) . 
This strongly supports the idea that global dust extinction in their 
host galaxies was responsible for dimming the afterglow in the 
optical bands. This holds especially for GRB 080207, for which 
we can be sure that the host galaxy is object B, thanks to the 
precise localization of its X-ray afterglow by Chandra. 

In the case of GRB 0802 18B, a host galaxy candidate is visi- 
bleinthe 7?c-band, constraining its redshift to < 5. For this event, 
iGreiner et al.l (|201 1) find that diff'erent pairs of (z, Ay) solutions 
can explain the non-detection of the optical/NIR afterglow by 
GROND. For example, for a redshift of 3.5 a host extinction 
of Ay°^^ = 1.5 mag is required. A lower redshift would increase 
the deduced amount of host extinction even mo re; however stud- 
ies of optically detected GRB afterglows (e.g. jKann et al .11201 Oh 
show that such extinction values would be very high compared 
to the norm. Nevertheless, host galaxies having low extinction 
may be linked with optical detection of GRB afterglows; more 
statistics are needed to establish how common high values of 
extinction really are. 

Another FRO, the host of GRB 070429A not detected in 7?c, 
lies just on the border of the 90% c.l. XRT error circle. It is a less 
compelHng candidate than either GRB 080207 or GRB 0802 18B 
because it is also very faint in Kg, with a correspondingly large 
photometric error of 0.4 mag. Also, in this case there are two 
more galaxies within the 90% c.l. error circle. Their (R - K) 
colors are not particularly red, however. If the very red galaxy 
would be confirmed as an FRO, then our study points to a strong 
link between optically dim GRB afterglows and FRO galaxies. 

4.8. EROs as an innportant subpopulation of GRB host 
galaxies 

The seven FROs we have identified have magnitudes between 
T^AB = 21.6 and 23.0, i.e. /Tvega = 19.8 to 21.1 (Table EJ). For 



is in the order of 1 per 1000 arcsec^ (.Gonzalez-Perez et al 



: ne skv 

Mm 



these /sT-band magnitudes the number density of FROs on the sk^ 
' (Goi 

iHempel etal1l201ll: iKim et al.ll20m FrOur findings then imply 
an overdensity of FROs in the XRT error circles we have studied 
here. Four of the seven FROs we have found lie inside their 
corresponding 90% c.l. XRT error circle. In the remaining three 



cases (GRBs 060923B, 070429A and 080602) the FRO lies just 
close to the border of the 90% c.l. error circle (see Sec. 13.3b . 

Because long GRBs are thought to trace the formation of 
massive stars (passively evolving ellipticals cannot be their 
hosts), the immediate conclusion that can be drawn from our 
study is that bursts with optically non-detected afterglows (but 
with rapid and deep follow-up observations) trace a subpopula- 
tion of massive galaxies undergoing violent star formation. This 
holds for dark bursts in particular: all three bursts investigated 
here which belong to this class have an FRO within or close 
to their 90% c.l. XRT error circle ( GRBs 070429A, 080207 and 
080218B), If we consider as dark all GRBs that follow the J04 or 
V09 criterion (but keeping in mind that this now includes events 
where the X-ray data are not so easily interpreted, see Sect. l3.4l) , 
then we have eight such GRBs in our sample (Table |4l); five of 
them have an FRO within or close to their 90% c.l. error cir- 
cle (in addition these are GRBs 080602 and 081204). It should 
be stressed that, in principle, all GRBs studied here except GRB 
0705 17A (for which we identified the afterglow; Sect. l3.3b could 
be truly dark bursts according to the criterion from J04 and V09; 
we just do not have sufficiently deep optical limits to be certain. 

Several previous studies have already t argeted GRBHs (e.g., 
iLe Floc'h etaP 120031: IChristensen et al.l I2Q04I: iFruchter et aP 



^ More precisely, we use figure 10 in lGonzalez-Perez et al.l (l2009h to 
calculate chance probability values for our EROs. 



200^ lOvaldsen etaP 120071: ISvensson et ani2010l and SBG09). 
They focused on the low-redshift regime (up to z ~ 1.5) and 
showed that most hosts are subluminous (L < L*), blue, of 
low metallicity and with a moderate star formation rate (~ 1 - 
10 Mq yr"^). However, our results suggest that an infrared-bright 
subpopulation of very dusty GRBHs could exist, which stands 
out from the main GRB host galaxy population. 

Redshift measurements for the FROs we have identified here 
are missing in most cases up to now. However, for the FRO re- 
lated to GRB 080207, a p hotometric redshift has been recently 
derived (iHunt et al.ll201lh . The observed broad-band SFD im- 
plies a very luminous (Mk ~ 24.4), infrared-bright galaxy, very 
diff'erent from the sample of GRBHs compiled by SBG09. This 
host galaxy is similar in color, luminos ity, and redshift to the 
hosts of the dark burs ts GRB 080325 (IHashimoto et alll2010l) 
and GRB 080607 (Chen^_eLalJllQiSl2Qll|). In fact, there may be 
a possible bias in the GRB host samples studied so far, which 
are dominated by host galaxies of optically detected afterglows. 
This conclusio n agrees with recent work on dark bursts observed 
with GROND (iKriihler et al.l 201ll). where it is shown that highly 
extinguished afterglows trace a subpopulation of luminous, mas- 
sive, metal-rich, and chemically evolved GRBHs that were not 
previously associated with GRBs. 

5. Summary 

Motivated by the non-detection of the optical afterglows of a 
substantial fraction of Swift bursts with well-observed X-ray af- 
terglows, we have selected 17 such events with small Swift/XKT 
error circles (defined by their individual 90% c.l. radius ro) and 
searched for the potential host galaxies of these bursts using 
deep multi-colour imaging. Our primary telescope was the VLT 
equipped with FORSl, F0RS2, & VIMOS for /?c-band imag- 
ing and ISAAC & HAWK-I for ^^-band imaging. This was sup- 
plemented by observations with the 7-channel imager GROND 
mounted at the 2.2-m MPG/FSO telescope on La Silla and by 
the infrared imager NFWFIRM mounted at the 4-m Mayall 
telescope on Kitt Peak. The limiting magnitudes we achieved 
are deep, usually Rab = 26.5 and ^ab = 23.5 as well as 
g'r'i'z'JHK = 25.5, 25, 24.5, 24, 22.5, 21.5, 21 for GROND. 
The latter data include late-time imaging as well as data gained 
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in Rapid Response Mode, where we did not find evidence for a 
fading afterglow. 

We find up to six events, ~ 1/3 of our sample, where the 
corresponding GRB host galaxy could be Lyman dropped out 
in the Rc band. In two cases, we do not see any object inside 
2ro down to deep flux limits (GRBs 050922B and 080727 A); 
in one event there is only one galaxy within Iro and 2ro (GRB 
081012); and three bursts have a very red galaxy detected only 
in the ^,-band ( GRB 070429 A/object D, GRB 080602/object 
C, GRB 081 105/object C). This three bursts belong to a subsam- 
ple of seven bursts for which we found extremely red objects 
(EROs, defined as having (R - K)ab > 3.5 mag) as confirmed 
or likely host galaxy. In particular, all three bursts in our sample 
that are classified as securely dark according to their observed 
X-ray flux (following J04 and V09) belong to this group. Even 
though these are low-number statistics, our findings imply that a 
non-negligible fraction of optically dim bursts may be located in 
globally dust-enshrouded galaxies. 

While the (R - K) color of galaxies emerged as a power- 
ful criterion to identify host galaxy candidates, we also consid- 
ered chance-probability constraints based on published number 
counts of (all types of) galaxies on the sky. In nine bursts the 
chance probability p to find a galaxy of the given 7?c-band mag- 
nitude in the corresponding 90% c.l. XRT error circle is <10% 
(within Icr), which makes them good host galaxy candidates. 
In the remaining cases (about 1/2 of our sample), galaxies were 
identified but they are not special in any way, either with re- 
spect to their {R - K) colors, their magnitudes, or their values. 
However, for four bursts, we find pairs of possibly interacting 
galaxies in the XRT error circle, potentially a sign of triggered 
star-formation. 

The connection between star-forming activity and dark 
bursts is even more intriguing for the seven EROs in our sam- 
ple. This is the most outstanding result of our study. It points 
to the existence of a subpopulation of GRBHs, characterized 
by violent star formation, that is missed by host galaxy sur- 
veys of bursts with detected optical afterglows. The putative 
host of GRB 080207 is the most remarkable example {{R - 
K)ab = 4.66+0.40 mag; Hunt et al. 2011; Svensson et al. 2011). 
The possibility that a non-negligible fraction of optically dim 
bursts traces highly dust-enshrouded and possibly submm-bright 
galaxies makes these bursts interesting cosmological tools to ob- 
tain deeper insight into the optically obscured star formation his- 
tory of the Universe ( Berger et a l. 2 003 ; Ta nvir et al. 2004 ). 
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Appendix A: Additional notes on individual targets: 
observations by Swift and other facilities 

A.1. GRB 050717 



GRB 50717 triggered Swift/BAT at 10:30:52 UT (iHurkett et alJ 
l2005bh . It wa s a long burst with a duration of r9o(15 - 350 keV) 
= (86 ± 2) s ('Cummings et al."2005a") which was also detected 
by Konus-Wind (Golenetskii et al. 2005). Swift jXKV began ob- 
serving 79 s after the trigger and found a bright, fading X-ray 
source, while simultaneous Swiftl\]NOT observati ons started 78 
s after t he trigger and result ed only in upper limits (iHurkett et al.l 
l2005bl: iBlustin e t al.ll2005 ^ Unfortunately, XRT was unable to 
automatically centroid on the burst, leading to a delay of 2.5 
hr in the determination of t he X-ra y position (error circ le ra- 
dius 6V0: lKennea et al ]|2005l: see a l solHurkett et al.l l2005ah. The 
burst is discussed by lKrimm et al ] (I2006bh in detail, it was very 
luminous and has one of the highest-ever measured peak ener- 
gies, with a probable redshift z > 2.7. Deep ground-based K- 
band follow-up observations were performed with the du Pont 
100-inch telescope at Las Campanas Observatory with a first 
run starting 37.7 hr after the burst. No fa d ing NIR source wa s 
detected (Berger & Lopez-Morales| 120051: [Berger et al.' '2005). 
Optical observations with the Tenagra 0.35-m telescope at Perth, 
Australia, did not find a new source d own to the limit of the 
DSS2 red survey (LuckasetalJ l2005h . Also, PROMPT-5 at 
Cerro Tololo Inter- American Observatory in Chile automatically 
observed the field starting 13 hr after the burst. No fading source 
was f ound down io Rc = 21.7 and Ic = 21.5 (iMacLeod et al.l 
l2QQ5h . 

UVOT obtained an upper limit of v > 19.0 for any afterglow 
at 42 s (mid-time) after the onset of the burst (Blustin et al. 
l2005h . corresponding to v > 18.3 after correction for Galactic 
extinction. Using the observed constraint on the spectral slope 
y^ox < 0.40 at the time of the UVOT observations, this cor- 
responds to an u pper limit of Rab > 18.2. In the same way, 
following iRol et al. ( 2005), at the time of the optical observa- 
tion the observed (mean) X-ray flux together with the observed 
(mean) spectral slope jSx predicts a non-extinguished 7? ab -band 
magnitude between 14.5 + 1.5 and 18.2+1.5, where the brighter 
magnitude corresponds to = Vopt and the f ainter magnitude to 

= vx (Vc is the cooling frequency ;'Sari et al. 1998). According 
to the criterion of J04, which uses y^ox, the burst is dark, while 
according to the criterion of V09, which uses fiox and jSx, the 
burst it is not dark (Table |4]). 

A.2. GRB 050922B 

Swift/BAT detected the burst at 15:02: 00 UT. It was an 
image trigger l a sting f or 168 seconds CNorris et al.l |2005). 
ICummings et"aD (l2005bb give 7^90(15 - 15 keV) = (25 + 20) 
s. Because of the image trigger history, iNorris et al ] (I2005h 



speculated that it could be a high-redshift event similar to 
GRB 050904. Swift/XRT started observing 342 s after the trig- 
ger, UVOT one second later (Norri s et a l. 2005). A decaying 
X-ray afterglow was detected (IGodet et al.l 12005 ) but no op- 
tical counterpart (iPasquale et al. 1 12005»). Several ground-based 
small telescopes responded to the trigger but found no after- 
glow c andidate either : ROTSE Ilia (upper limit CR = 113 at 
3 min: ISchaefer et al.] 12005). the 14-inch Automated Response 
Telescope at th e University of Osaka, Japan (upper limit CR = 
15.1 at 3 min; iToriil l2005l) . the 0.4-m telescope of Ussuriysk 
Astrophys ical Observatory, Rus sia (upper limit CR = 16.0 at 
15 min: Kornienko et al. I I2QQ51) . and the 30-cm telescope at 
University of Miya zaki, Japan (upper limit CR = 16.1 at 21 min; 
ISonoda et ani2005l) . 

The INT 2.5-m telescope at Observatorio del Roque de los 
Muchachos on La Palma obtained an upper limit on the after- 
glo w of / > 22.5 at 49 ks (mid-time) after the onset of the burst 
dGuziy et al.ll2005i) , corresponding to / > 22.4 after correction 
for Galactic extinction. There are no X-ray data for the time be- 
tween about t = 10 ks and 100 ks after the burst, but there are 
for observations from t - 100 ks to about 1 Ms. The latter data 
can be used to extrapolate to the X-ray flux at ^ = 49 ks. The 
spectral slope is then y^ox < 0.39, corresponding to an upper 
limit of about Rab > 22.3. Similarly, the observed X-ray flux to- 
gether with the observed spectral slope y^x at ^ = 49 ks predicts 
a non-extinguished 7? AB -band magnitude between 1 1.1 + 2.9 and 
14.8 + 3.0. Using JSqx and fix, the burst is dark according to the 
criterion of J04 as well as V09 (Table |4]). 



A.3. GRB 060211 A 



Swift/BAT triggered on GRB 060211 A at 09:39:11 UT 
(iHurkett et al.l l2006h . It was a long burst with a duration of 
Tgo (1 5-350 keV)= 126 + 5 s dSato et al.ll20"Q6at iKrimm et al.l 
l2006ah . The spacecraft slewed promptly to the BAT position 
and Swift/XKT found a bright, fading X-ray source, while 
Swift/UYOT started observing 183 second s after the trigger bu t 
did not detect any afterglow candidate (IHurkett et al.l l2006l) . 
ROTSE Ilia, located at Siding Spring Observatory, Australia, 
and the Moscow Union 'Optic' MASTER robotic system re- 
sponded to GRB 060211 immediately. ROTSE 's automated re- 
sponse took the first image 147 s after the burst, under twilight 
conditions, while MASTER started 202 s after the GRB trig- 
ger. Only upper limits could be reported ( RujoDakarn et al. '20061; 
iLipunov e t al. 2006; see also Urata et al. 2006). Also the 2-m 
Faulkes Telescope North robotically followed-up GRB 060211 
starting 5.4 min after the trigger. No fading optical counterpart 
down to R ^ 18.5 was found (Gomboc et al. 2006). Deep upper 
limits were also reported by Norris et al. (2006), J > 19.1 at 17 
hr after the burst, and .Sharapov et al.. (2006.) . R > 22 at 5.5 hr 
after the burst. 

The 1 .5-m telescope of Maidanak Astronomical Observatory 
obtained for the afterglow an upper limit of R = 22.0 at ~ 20 k s 
(mid-time) after the onset of the burst ( Shar apov et al.l [20061) . 
corresponding to R = 21.6 after correction for Galactic extinc- 
tion. This corresponds to an upper limit of Rab > 21.8. Among 
all available upper limits for this burst this observation provides 
the tightest constraints on the spectral properties of the after- 
glow from the optical to the X-ray band. According to these 
data, though, GRB 06021 1 A cannot be classified as a dark burst 
(TableO. 
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AA. GRB 060805A 

The burst triggered 5w/fr/ B AT on May 8, 2006 at 04:47:49 
UT (IZiaeepour et al l 120061). I t had a duration of TgoClS - 350 
keV) = 5.4 ± 0.5 s (iBarbier et al. 2006a). Swift/XRT began tak- 
ing data 93 seconds after the BAT trigger. Ground analysis re- 
vealed a faint, uncatalogued X-ray source. Swift/UYOT started 
observing 97 seconds after the trigg er but no afterglow candidate 
was detected in any band (Ziaeepour et al.l 120061: iPandey et al." 
l2006l) . Further ground-based observations could only provide 
upper limits. The robotic 0.76-m Katzman Automatic Imaging 
Telescope (KAIT) at Lick Observatory started observing the 
field 119 s after the B AT tri gger but no afterglow was found 
(V > 16.8,7 > 16.7; Li 2006). The automated Palomar 60-inch 
telescope responded to GRB 060805A and started observing 3 
min after the burst trigger. No source d own to R > 19 was found 
in the XRT error circle (lCenkoll2006h . Additional upper limits 
were obtained by the 1.3-m Skinakas Observatory (University 
of Crete, Heraklio n, Greece): /?>21.5atl4hr after the burst 
(iMuehlegger et al .112006) and by the 2-m Liverpool Telescope on 
La Palma: r' > 22.9 and r > 22.6 at 0.725 and 0.748 days, re- 
spectively, after the burst (iRol & Pagdl2006h . 

The 2-m Liverpool Telescope observations correspond to 
/ > 22.7, after correction for Galactic extinction. Using y^ox < 
1.00, this corresponds to an upper limit of Rab > 22.1. Among 
all available upper limits for this burst this observation provides 
the tightest constraint on y^ox and fix (Table |4l). However, these 
constraints do not qualify GRB 060805A as a dark burst, espe- 
cially because the X-ray afterglow itself was very subluminous. 

A.5. GRB 060919 

GRB 060919 trigg ered Swift/BAT at 07:48:38 UT 
(iGuidorzi et al.l I20b6ah . It was a long bur st with a duratio n 
of Tgo = (15 - 350 keV)= 9.1 ± 0.2 s dSato et al.1 l2006b). 
Swift/XKT began taking data 87 seconds after the BAT trigger. 
Ground analysis reveale d a faint X-ray source with an revised 
error circle of r = 471 (iGuidorzi et al.ll2006allb) . Swift/UYOT 
started observing the field 73 seconds after the burst but did 
not detect an optical counte rpart in an y band down to deep 
flux limits (Breeveld & Guidorzil |2006). The robotic TAROT 
telescope on La Silla started observing 28 s after the trigger. 
No optical transient was found down to 7? > 15.4 in the first 60 
seconds of observations. An upper limit ofR> 15 .8 could be 
set f or any transient up to 382 s after the trigger ( Klot z et aP 
12006 ). The Faulkes Telescope South started observing about 2.8 
hours after the event. No optical tr ansient was de tected down to 
a limiting magnitude ofR> 19.5 ( Melandri et al.li200 6). 

The UVOT upper limit at 9 1 8 s corresponds to v > 20.0, after 
correction for Galactic extinction. Using y^ox < 0.68, this corre- 
sponds to an upper limit of Rab > 19.8. Similar to the previ- 
ous two bursts, this observation provides the tightest constraints 
on the spectral properties of the afterglow. Based on these data, 
GRB 060919 is not a dark burst (TableHJ). 



A.6. GRB 060923B 

Swift/BAT triggered on GRB 060923B at 11:38:06 UT 
(IStamatikos et al.ll200 6*). It was a single-p eaked burst wi th a du- 
ration of r9o(15 - 350 keV)= 8.8 ± 0.1 s (iBarbier et al.l l2006b). 
Swift/XKT began observing the field 114 seconds after the BAT 
trigger and found an uncatalogued X-ray source with a positional 
accuracy of 2V8. Swift/UYOT started observing 122 seconds af- 
ter the burst with the white filter but could not detect an afterglow 



candidate (IStamatikos et al.l 120061: iHoUand & Cucchiarall2006h . 
No further ground-based follow-up observations were reported 
in the literature. 

UVOT obtained an afterglow upper limit of v > 18.1 a t 
295 s (mid-time) after the burst ( H ofland & Cucchiaral [2QQ6h . 
corresponding to v > 18.0 after correction for Galactic extinc- 
tion. Using y^ox < 0.62, this corresponds to an upper limit of 
Rab > 17.9. Among all available upper limits for this burst 
this observation provides the tightest constraint on y^ox and fix 
(Table 131). These constraints do not classify GRB 060923B as a 
dark event. 

A.7. GRB 061102 



GRB 061 102 triggered Swift/BAT at 01 :00:3 1 UT (^ Hofland et all 
2006). It w as a long burs t with a duration of 7^90(15 - 350 keV)= 
17.6 ± 1 s (iTueller et al.ll2006l) . Swift/XRT began observing the 
field 100 seconds after the BAT trigger and found an uncata- 
logued, fading X-ray source (iHolland et al.ll2006l: IStarling et al.l 
2006). Swift/UYOT started observing 110 seconds after the trig- 
ger with the white filter but no afterglo w candidate was see n 
down to a 3 (T upper limit of white < 18.5 (iHoUand et al.ll2006h . 
Contin ued observation s provided only upper limits in all UVOT 
bands (lHoUandll2006l) . No further ground-based follow-up ob- 
servations of this event are reported in the literature. 

UVOT obtained an even deeper upper limit of v > 20.5 a t 
1480 s (mid-time) after the onset of the burst (lHoUandll2()06h . 
corresponding to v > 20.4 after correction for Galactic extinc- 
tion. Using the observed y^ox < 1-10, this corresponds to an 
upper limit of Rab > 20.1. Among all available upper limits 
this observation provides the tightest constraints on the after- 
glow SED, which do not classify GRB 061102 as a dark burst 
(Tabled. 

A.8. GRB 070429A 

The b urst 070429A triggered Swift/BAT at 01:35:10 UT 
(Barthel mv et al.l l2007). It was a long burst with 7^90(15 - 350 
keV)= 163 ± 5 s (Cannizzo et al.l l2007). Swift/XRT started ob- 
serving 153 s after the trigger and found a fading, uncatalogued 
X-ray source, while Swift/UYOT started observing 211 seconds 
after the trig ger but did not detec t an optical counterpart in any 
band dSchadv & Cannizzol '2007). ROTSE-IIIc, located at Mt. 
Gamsberg, Namibia, started observing 97 s after the burst. No 
afterglow candidate was found down to CR > 17.3 (unfiltered 
images) for images taken within 3 min after the trigger and down 
to CR > 18.0 within 8 min (Rykoff'etal. 2007). Additional 
data were obtained with the Q.6-ni BOOTES-IR/T60 robotic 
telescope (ICastro-Tirado et al]|2006l). starting 3.25 hr after th e 
burst but no afterglow was found dde Ugarte Postigo et al.l2007l) . 
Deep ^-band observations with the 4. 2-m William Herschel 
Telescope on La Palma, beginning 4. 1 hr after the burst, detected 
a faint source in the XRT error circle, but no fading behavior was 
found (Ide Ugarte Postigo et al.ll2007l) . Within its astrometric er- 
rors this source corresponds to object C detected in our observa- 
tions (see Table [2]). 

The Gemini North telescope mounted with the GMOS cam- 
era observed the field in and 44 k s (mid-tim e) after the burst. 
No afterglow candidate was found ( Pried l2Q07i) . Unfortunately, 
no magnitude limits were reported. Therefore, we used a conser- 
vative upper limit of 7? > 24.0 based on the original Gemini data 
available in the Gemini archive^. This corresponds to an upper 
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limit of Rab > 23.8. Together with the measured X-ray flux at 
the same time this leads to /Sqx < 0.42 and JSx -Pox - 0.5 > 0. 14. 
According to J04 as well as V09 the burst is dark. The observed 
X-ray flux predicts a non-extinguished /?ab -band magnitude be- 
tween 17.2 ± 1.5 and 21.0 ± 1.5. Since the SwiftlXKY light curve 
shows a constant decay with a constant spectral slope during 
the time when the optical upper limit was obtained, we included 
GRB 070429A in our golden dark burst sample. 

A.9. GRB 070517 A 



The bu rst triggered 5 w//r/BAT at 11:20:58 UT (IVergani et al.l 
I2007ah . 7^90 was 9 ± 1 s (Vergani et al]|2007b|). SwiftlXKT clearly 
detected an afterglow and could even see evidence for a break in 
the X-ray light curve. Swiftl\]NOT could not observe, however, 
due to a 4 mag bright star in the field of view. Groun d-based 
optical follow-up was only reported by Gilmor d (l2QQ7l) (U L = 
DSS2 Infrared at 2.7 hr after the burst) and Fox et al. 72007) us- 
ing Gemini-South about 16 hr after the burst. The latter authors 
suggested two afterglow candidates in the XRT error circle but 
no further observations of these sources were reported in the lit- 
erature. Therefore, we used their faintest detection (/' > 24.5) as 
an upper limit at 57600 s. Using the corresponding y^ox < 0.56, 
this translates to an upper limit of 7?ab > 24.3, which does not 
classify GRB 070517 as a dark burst. However, in our late-time 
follow-up observations wit h VLT/FORSl the brighter object re- 
ported by IFox et al ] (I2007h = 22.1) is not visible anymore. 
Thus, we conclude that this was the optical afterglow of GRB 
0705 17A. 



A.10. GRB 080207 



GRB 080207 triggered Swift/BAT at 21 :30:21 UT (iRacusin et al 



2008), and had a duration of Tgo = 340 ± 20 s (Stamatiko s et al 



2008 1). XRT started observing the field 124 seconds after the 



BAT trigger and detected a bright source in WT mode. After 
~ 5000 s it continued observing in PC mode, showing a light 
curve with a constant decay index. UVOT did not find the after- 
glow in early observations after 140 s in a white finding chart and 
in lat er deeper observations (> 1.5 hours, ICucchiara & RacusinI 
l2008l) . Several limiting magnitudes based on ground-based ob- 
servations have been reported: R > 14.3 at 1607 s (0.45 hours) 
and R > 19.0 at 5049 s (1. 45 hours) (TAROT at the Calern ob- 
servatory, iKlotzetaD 11^8); / > 16.7, H > 15.9, K > 13.9 at 
7.8 hr, 7.7 hr and 10.1 hr a fter the trigger respec tively (60-cm 
REM telescope on La Sifla. ID' Avanzo et al.ll2QQ8h : 7? > 21.8 at 
0.759 hr (RTT150 on 1.5-m telescope at the TUBITAK National 
Observatory, Khamitov et al. 2008); R > 20 .8 at 13.7 hr s (Super- 
LOTIS telescope on Kitt Peak observatorv JUpdike et al.ll20 08b) : 
GMOS camera on the Gemini South telescope, did not detect 
the afterglow down to ^'r[ rz' = 24.1, 24.5, 24.2, 25.0 at 9.8 
hr ("Cu cchiara & Fbxl l2008h : R > 23.5 at 9.7 5 hr (MOSCA 
mounted at NOT on La Palma: lMarm et al.ll200 8h: J>23.5,H> 
22.8, > 21.5 rVLT/SINFONL iFugazza et" al. 2008); R > 20.3 
at 1.49 br and/? > 21.0 at 4.9 4 hr (Zeiss-600 at Mt.Terskol ob- 
servatory, lAndreevetaDllo^ Also, GROND did not detect the 
afterglow in any band down to deep flux limits (Table IAJT) . 

The Zeiss-600 telescope upper limit at 1 .69 hr corresponds to 
an upper limit of Rab > 20.5. The observed X-ray flux predicts 
a non-extinguished 7? AB -band magnitude between 1 1.3 ± 1.4 and 
15.0 ± 1 .4. According to the criterion of V09 as weU as J04 GRB 
080207 is a dark burst (Tabled. It entered our golden dark burst 
sample. 



A. 11. GRB 08021 8B 

GRB 0802 18B triggered Swift/BA T at 23:57:47 UT a nd had 
a duration of Tgo = 6.2 ± 1.2 s ( Schadv et aD l2008b'). Swift 
slewed immediately to the burst and XRT found a bright, un- 
catalogued X-ray source that could be localized with an uncer- 
tainty of r = yfO. UVOT started observing 551 seconds after the 
BAT trigger using the white filter. No afterglow c andidate was 
found down to a 3(T limiting magnitude of 20.6 (ISchady et al.l 
[2008a). Several limiting magnitudes based on ground-based ob- 
servations were then reported: CR > 16, starting 60 s after 
the trigger (u nfiltered, 0.4-m Watcher telescope. South Africa, 
iFrench et al.l l2008: / > 21 and / > 18.7 at 3.1 hr after the burst 
(1.3-m SMARTS telescope equipped with ANDICAM at CTIO, 
Cobb 2P08a); H > 13.7 at 2 min and K > 12.6 at 8 min af- 
ter the trigger (60-cm REM telescope on La Silla, ICovino et al.l 
l2008ah : B > 22.1, V > 22.7,/? > 22.9,/ > 22.6 at about 1 hr 
and / > 20.6, H > 20A,Ks > 19 A at a bout 3 hr after the trig - 
ger using VLT/F0RS2 and NTT/SOFI dVreeswijk et al. 2008). 
Finally, no transient radio source was detected in the XRT er- 
ror circle 2 we eks after the burs t (Australia Telescope Compact 
Array, ATCA; "Moin et alJ|2008|). Most important, GROND did 
not detect the afterglow down to deep limits in all seven bands 
in spite of a rapid response time (Table IAJT) . 

GROND obtained an afterglow upper limit of r' > 24.7 
at 1 1520 s (mid-time) after the onset of the burst (iRossi et al.l 
2008b), corresponding to > 24.3 after correction for Galactic 
extinction. Using the observed spectral slope y^ox < 0.18, this 
corresponds to an upper limit of Rab > 24.3. The observed X- 
ray flux predicts a non-extinguished 7?-band magnitude between 
15.1 + 1.5 and 18.9+1.5. The burst is dark according to the cri- 
terion of J04 as well as V09. It entered our golden dark burst 
sample. 



at 01:30:28 UT 
74+7 seconds 



A. 12. GRB 080602 

Swift/BAI trigg e red on the burst 
(Beardmore et al. "2008a'). Tgo was 
( Beardmore et al. 2008e). The burst was also detected by Konus- 
Wind, observations of this satellite allowe d the peak energy to b e 
constrained to be larger than 226 keV (G olenetskii et al .^l2008h. 
Swift/XKT found a bright, uncatalogued X-ray source resulting 
in a 5V8 error circle. Evidence for substantial X-ray absorption 
in excess of the Galactic value was found. Swift/UYOT started 
observing 123 s after the trigger but no afterglow candidate 
was detected. The XRT er ror circle was finally reduced to just 
Vfl and ir8, respectively (iBeardmore et al. 2008 cfl). The only 
optical follow-up observation was reported by Malesani et al.l 
(2008b) about 3.4 hr after the trigger using the NOT telescope 
on La P alma. No afterglow c andidate was found down to 
R > 22.3 (iMalesani et al.ll2008ch . 

UVOT obtained an upper lim it of v > 20.3 at 504 s (mid- 
time) after the onset of the burst dBeardmore et al.|[200 8e), cor- 
responding to V > 20.2 after correction for Galactic extinction. 
Using the observed spectral slope of y^ox < 0.05, t his corre- 
sponds to an upper limit of Rab > 20.2. Following ' Rol et al.l 
(2005), the observed X-ray flux and spectral slope predicts a 
non-extinguished 7? AB -band magnitude between 13.0 + 0.7 and 
16.7 + 0.7. According to the criterion of J04 as well as V09 the 
burst is a dark burst (Table |4]). However, because the X-ray light 
curve is rather flat instead of decaying during the time when the 
optical upper limit was obtained, the burst does not enter our 
golden dark sample. Unfortunately no X-ray data is available 
contemporary to the deep NOT observations. 
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A.13. GRB 080727A 

Swift/BAI triggered on the burst at 05:57:39 UT with a duration 
(^90) of 4.9 ± 1.0 s About 109 s econds later Swift/XRT began 
observing the field (llmmler et al .112008) . unveiHng a fight curve 
with consta nt decay and evolving sp ectral index (see the XRT 
repository, Evans et al.1 l2007l l2009li . UVOT started observing 
at 11 3 seconds, no afterglow was found ([Landsman & Immler 
120081) . Also UKIRT on Mauna Kea did not detect the afterglow 
down to ^ > 19.8 at 0.63 hr after the trigger ( Levan & Wiersemai 
l2008h . FORSl on ESO/Paranal observed the field at 17.5 hr and 
did not detect the afterglow down to the very deep upper limit of 
R>26 (Malesani et al. 2008a). 

Using the observed spectral slope y^ox < 0.85, the UKIRT 
upper lim it corr esponds to an upper limit of Rab > 22.8. 
Following iRolet al. (2005), the observed X-ray flux and spectral 
slope at the time when the optical upper limit was obtained pre- 
dicts a non-extinguished 7?ab -band magnitude between 17.9+2.2 
and 21.6 + 2.2. According to the criterion of V09, the burst 
lies at the boundary region between dark and non-dark events 
(Amin = -0.05; Table HI). Unfortunately no X-ray data is avail- 
able during the time of the deep VLT observations. 

A. 14. GRB 08091 5 A 

GRB 080915A triggered SwiftlBP^ at 00:02:49 UT (lOates et al.1 
I2008ah . It was a long burst with a du ration of Tqo = (15-350 
keV)= 14 ± 5 s (iUkwatta et al.ll2008h . Unfortunately, due to an 
observing constraint. Swift could not slew to the burst during 
the first hour after the event, therefore XRT and UVOT could 
start observing only 3.9 ks after the trigger. Starting at thi s time 
Swiftl\] yOT did not detect the optical afterglow (Qates et al.l 
l2008bb . ROTSE-IIIc, located at Mt. Gamsberg, Namibia, re- 
sponded to GRB 0809 15 A automatically and took unfiltered im- 
ages starting 52 s after the GRB trigger (cloudy conditions, full 
Moon). No afterglow candi date was found in the B AT error cir- 
cle down to about CR> lA ('Ruiop akarn et al.l2008h . The robotic 
60-cm REM telescope on La Silla started observing 2 min af- 
ter the trigger. No afterglow candidates fainter than the 2MASS 
limits were seen in /, //, K (Co vino et al. 2008b). Beginning 4.9 
ks after the trigger SwiftjXKV and Swiftl\]NOT started observ- 
ing. XRT fo und a faint, fa ding X-ray source with an error circle 
of r = 6! 5 (lEvans & Qat es 2008) . Only upper limits co uld be 
reported for the UVOT bands dBreeveld & QatesI 12008*). Deep 
ground-based observations with ANDICAM on the SMARTS 
1.3-m telescope at CTIO provided only upper limits of / > 21.9 
and / > 20.1 (mid-exposure time of 1.9 hr after the burst: llCobbI 
I2008bh . 

Deep prompt follow-up observations of the field were per- 
formed with GROND to search for the afterglow ( Rossi et aP 
l2008d) . They started 4.9 min after the trigger and lasted for 
130 minutes. No evidence for a variable source was found 
when splitting these observations into two data sets (Table IAJT) . 
Second-epoch observations were performed with GROND the 
following night. Again, no afterglow candidate was found. Using 
t he GRO ND upper limit of r'^^ > 222 at 6840 s (mid-time; 
[Rossi et al.h 2008c). and Pox < 0.62 (Tabl e |4]), this c orresponds 
to an upper limit of R^s, > 22.0. Following iRol et al] (12005 ), we 
can use the observed X-ray flux as well as X-ray slope to pre- 
dict the non-extinguished 7? AB -band magnitude. However in this 
case due to the small number statistics we can only give an upper 
limit of 7?AB <21. According to the criterion of V09, the burst is 
dark (Table |4l), but the X-ray light curve is faint and very un- 



certain. Therefore, this burst is not included in our golden dark 
burst sample. 

A.15. GRB 081012 

SwiftfBAT triggered on the burst at 13:10:23 UT. Tgo (15-350 
keV) was 29 + 4 sec. The burst was also seen by Ferm i/GBM, 
the peak energy was 320 ± 80 keV (iBissaldil 12008.) . The 
XRT began observing the field 49 minut es after the BAT trig - 
ger, an X-ray afterglow was found (Kennea & Stroh "2008*), 
the error circle is just 178 in size (Evans et al. 2008). UVOT 
started observ ing 3 min after the XRT; no afterglow candidate 
was detected (iKuin & Strohl 1200 8^. Deep ground-based follow- 
up observations were performed using ROTSE Ilia (with the 
first image 39 s afte r the bu rst), the 2.5-m NOT telescope 
(de Ugarte Posti go & MalesanC 2008). 

GROND obtained an upper limit on any optical afterglow of 
rig > 23.6 at ~ 7 ks (mid-time) after the onset of the burst 
(Filg as etaP 12008 !; Table IA.l1) , corresponding to / = 23.5 af- 
ter correction for Galactic extinction. Using the observed spec- 
tral slope of y^ox < 0.83, this corresponds to an upper limit of 
Rab > 23 A. Among all available optical upper limits, this ob- 
servation provides the tightest constraint on the SED of the after- 
glow (Table |4]). Based on these data the burst is not dark, neither 
according to J04 nor according to V09. 

A.I 6. GRB 081105 

The burst triggered Konus-Wind, Swift, AGILE, Suzaku and 
INTEGRAL at 13:26:12 UT. It was localized v ia IPN only. The 
burst had a single peak, about 10 seconds long ( Cummings et al.l 
[2008). Swift/XRT and UVOT started observing the field about 
16 hr later. An X-ray afterglo w candidate was detected with 
an original uncertai nty of 4V8 (^B eardmore & Gumming si [20Q8h 
and later confirmed (iBeardmore et al. 2008b). Observations with 
UVOT could only provide upper limits (Curr an et al.ll2008l) . 

GROND obtained an afterg low upper limit of / > 23.0 at ~ 
46 ks (mid-time) after the burst (IClemens et al.l2008l: TablelAJl, 
corresponding to > 22.9 after correction for Galactic extinc- 
tion. Using y^ox < 0.61 this corresponds to an upper limit of 
Rab > 22.8. This observation provides the tightest constraints 
on the SED. Based on these data, the burst is not dark (Table |4]). 

A.I 7. GRB 081204 

The burst was detected by the INT EGRAL sateUite a t 16:44:55 
UT. It lasted for about Tgo = 20 s (' Gotz et al.|[2QQ8b . Swift re- 
acted to the Integral alert, and started observing the field about 
2.7 hr after the burst, a nd found an uncatalogued X-ray source 
(iMangano et al. 12008 afb ). Swift/UYOT started observing 3 hr af- 
ter the trigger in the white filter but no source was detected. 
Berger &Res3(|2008) suggested an r = 23.5 ± 0.3 afterglow can- 
didate based on observations with the Magellan/Clay telescope 
about 9 hr after the trigger. 

The field was also observed with GROND which also detect 
the afterglow candidate observed by Berger & Rest (2008), to- 
gether with an other object, without finding evidence of fading in 
either source (lUpdike et al.ll2008al) . Bot h obj ects are discussed 
in this paper as host candidates (see Sec. 13.31) . Stacking the best 
GROND data, we obtained the revised upper limits reported in 
Table lA.U centered at a mid-time of 9.6 hr. The GROND up- 
per limit of / > 24.1 corresponds to r' > 24.0 after correction 
for Galactic extinction. Using the observed /5ox < 0.55 this cor- 
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respon ds to an upper limit of Rab > 23.9. Following iRol et all 
(l2QQ5h . we can use the observed X-ray flux as well as the X- 
ray slope to predict the non-extinguished 7?AB-band magnitude. 
However in this case due to the small number statistics we can 
only give an upper limit of Rab <23 in the worse case of a break 
between optical and X-ray bands. The burst is dark according to 
V09 (Table 131), but due to the faint XRT light curve and the not 
well determined high X-ray spectral slope (J3x = 1.93^^^^) this 
burst did not enter our golden dark burst sample. 



Table A. 1 : Summary of the early-time upper limits based on ob- 
servations with GROND. 



# 


GRB 


^[hr] 


Filter 


UL 




UoUzU / 


y. / J 


8 


O/l r\ 
z4.U 






y. /j 


r' 


15.0 






y. / J 


'/ 
I 


ZJ.i 






y. /j 


z' 


11.5 






y. / J 


J 


zi.U 






y. /j 


TJ 


1 n T 
Vy. 1 






y. / J 


i^s 


ion 


11 


0802 18B 


0.75 


g' 


21.4 






0.75 




21.5 






0.75 


i' 


20.6 






0.75 


z! 


20.6 






0.75 


J 


20.8 






0.75 


H 


18.5 






U. / J 




i /.o 






1. 1 
j.Z 


g' 


Z4.D 






J.Z 


r' 


O/l 1 

Z4. / 






J.Z 


i' 


OQ o 

15.y 






J.Z 


z' 


O/l '7 

z4. / 






J.Z 


J 


OO f\ 






J.Z 


TJ 

ri 


OA O 






J.Z 




on n 


14 


080915A 


0.15 


g' 


22.0 






0.15 


r' 


22.2 






0.15 


i' 


21.8 






0.15 


z! 


21.7 






0.15 


J 


20.1 






0.15 


H 


18.9 






U.ij 




i /.O 






U.'s'z 


g' 


OQ n 






n no 

u.yz 


r' 


OQ < 
ZJ.J 






U.yZ 


i' 


OQ c\ 






n no 

u.yz 


z! 


O'J 1 






U.yz 


J 


010 
Zi.Z 






0.92 


}{ 


20.0 






0.92 


Ks 


18.6 


1 r 
i J 


UoiUiz 


1 O Q< 

ly.^D 


g' 


O'J 

zJ.z 








r' 


OQ ^ 
ZJ. J 








i' 


OO 

zz.o 






1 n 


z 


OO o 

zz.o 








J 

J 


1 < 
Zi.J 






19.35 


f{ 


20.4 






19.35 


Ks 


19.4 


1 ^ 

Id 


rvo 1 1 rvc 


1 O O/l 


g' 


O/l 

Z4.U 






1 O O/l 


r' 


OQ n 






IOC/I 


i' 


00 1 

zz. i 






1 O 0/1 


z' 


1 

zi.o 






1 Q/1 


J 


on 1 
zU. / 






12.84 


H 


19.6 






12.84 


Ks 


18.2 


17 


081204 


9.60 


g' 


24.2 






9.60 


r' 


24.1 






9.60 


i' 


23.2 






9.60 


z! 


22.4 






9.60 


J 


20.7 






9.60 


H 


19.4 






9.60 


Ks 


18.3 



Notes: For early-time observations by other groups see, e.g., the 
web page of J. Greiner at www.mpe.mpg.de/~jcg/grbgen.html or 
GRB log at http://grblog.org/grblog.php. In all cases the data 
given here supersede the values giv en in the corresponding GRB cir- 
culars: GCN 7279, GRB 080207 (iKupcii Yoldas et al.l [2008) : GCN 
7319, GRB 080218 B dRossi et al.ll2008bl) : GCN 8 268, GRB 080915A 
dRossi et all [20083) : GCN 8373, GRB 081012 (iFilgas et al.l [2008[) : 
GCN 8 492, GRB 081105 ([Cle^ens et all [2008[) : GCN 8627, GRB 
081204 dUpdike et al.|[2008al) . 
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Table A. 3: Redshift estimates of the galaxies found in the XRT 
error circles for different model assumptions on their photomet- 
ric properties. 



# 


GRB 


Object 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


1 


050717 


A 


0.5 


0.4 


1.2 


0.9 


3.2 


1.8 






B 


0.7 


0.6 


1.7 


1.2 




2.4 


3 


060211 


A 


0.7 


0.6 


1.7 


1.2 


- 


2.4 






B 


0.4 


0.3 


0.9 


0.7 


2.3 


1.4 


4 


060805A 


A 


0.9 


0.7 


2.3 


1.4 


- 


3.0 






B 


0.5 


0.4 


1.1 


0.8 


3.1 


1.8 


5 


060919 


A 


1.5 


1.0 


4.2 


2.1 


- 


4.5 


6 


060923B 


A 


0.4 


0.3 


0.9 


0.7 


2.4 


1.5 






C 


0.7 


0.6 


1.7 


1.2 


- 


2.4 






D 


1.2 


0.9 


3.3 


1.8 


1.5 


3.9 


7 


061102 


A 


0.6 


0.5 


1.4 


1.0 


4.1 


2.1 






B 


0.5 


0.5 


1.3 


1.0 


3.8 


2.0 


8 


070429A 


A 


0.9 


0.7 


2.2 


1.4 


- 


2.9 






B 


0.6 


0.5 


1.5 


1.0 


4.2 


2.1 








U.D 


U.J 


i.D 


1 1 
i. i 


A 1 
4. / 


L.D 


9 


0705 17A 


A 


1.0 


0.8 


2.7 


1.6 


- 


3.4 


10 


080207 


A 


0.9 


0.7 


2.4 


1.5 


- 


3.1 






B 


1.7 


1.1 


- 


2.4 


- 


- 


11 


0802 18B 


A 


1.5 


1.1 


4.4 


2.2 


- 


4.7 






B 


0.7 


0.6 


1.8 


1.2 


- 


2.5 


12 


080602 


A 


0.4 


0.3 


0.8 


0.7 


2.2 


1.4 






B 


0.6 


0.5 


1.4 


1.0 


3.9 


2.0 


14 


080915A 


B 


0.2 


0.2 


0.4 


0.4 


1.0 


0.7 






C 


0.8 


0.6 


1.9 


1.3 


— 


2.6 






D 


0.7 


0.6 


1.8 


1.2 


— 


2.5 






E 


1.0 


0.8 


2.8 


1.6 


— 


3.5 


15 


081012 


A 


0.9 


0.7 


2.4 


1.5 




3.1 


16 


081105 


A 


0.5 


0.4 


1.2 


0.9 


3.3 


1.8 






B 


0.6 


0.5 


1.6 


1.1 


4.7 


2.3 


17 


081204 


A 


0.4 


0.3 


0.9 


0.7 


2.5 


1.5 






B 


0.4 


0.4 


1.1 


0.8 


2.9 


1.7 






C 


0.4 


0.3 


0.9 


0.7 


2.4 


1.5 






D 


0.6 


0.5 


1.5 


1.0 


4.3 


2.2 






E 


0.6 


0.5 


1.6 


1.1 


4.7 


2.3 






F 


1.1 


0.8 


3.1 


1.7 




3.7 
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Columns (4) to (9) give the redshift of the galaxy for different as- 
sumptions on its spectral slope and absolute magnitude Mr. - 
(0.0,-18), (1.0,-18), (0.0,-20), (1.0,-20), (0.0,-22), (1.0,-22). In de- 
tail see Sect.HH GRB 050922B and GRB 080727A are not included 
here since they have no host galaxy candidates. 



Table A.4: Redshifts estimated via the Amati relation 



# 


GRB 


Data 


Model 


^peak(keV) 


Redshift 


cr 


2 


050922B 


BAT 


Band 


-20 


0.1 <z<3 


3 


6 


060923B 


BAT 


CPL 


25 + 7 


z>0.4 


2 


11 


080207 


BAT 


CPL 


108 + 72 


z > 0.9 


2 


11 


0802 18B 


BAT 


CPL 


24+15 


z>0.3 


2 


13 


080602 


KW 


CPL 


>226 


z>l 


2 



Notes: BAT stands for Swift/BAT, KW for Konus-Wind. CPL stands for 
cut-off power-law. 
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Table A.2: Log of the late-time optical/NIR observations to search for a GRB host candidate. 



# 


GRB 


Instrument 


Filter 


Date obs 


Calib 


FWHM 


Exp. (s) 


I 


050717 


GROND 


^ r I ^ 


2007/07/24-26 


SAl 14-750 


r/0 


8880 






GROND 


JHKs 


2007/07/24-26 


2MASS 


r/4 


7200 


2 








9000/08/1 ^ 




0"7 


9Q^0 






ISAAC 


Ks 


2009/07/06 


2MASS 


a/7 


1920 






NEWFIRM 


Ks 


2008/11/08 


2MASS 


r/2 


1800 


3 


060211 A 


GROND 


g'r'i'z' 


2007/10/20-22 


SA95-190 


iro 


10360 






GROND 


JHK, 


2007/10/20-22 


2MASS 


r/6 


8400 






NEWFIRM 


J 


2009/01/17 


2MASS 


in 


10200 






vv nxvivi 




9000/01 /1 7 




r/2 


DKjkJkJ 


4 


060805A 


GROND 


g'r'i'z' 


2008/05/05-07 


SDSS 


a/9 


4440 






GRONr) 

vJ IXvy 1 >( LJ 


JHKs 


9008/0S/0^-07 




i . u 


^^SOO 

DKjkJkJ 


5 


060919 


FORSl 


Rc 


2008/04/10 


SAl 10-362 


a/ 8 


2930 










9008/05/1 8 




VJ. u 


1 Q90 

1 y zxj 


6 


060923B 


FORSl 


Rc 


2008/04/05 


NGC2437 


a/ 8 


2930 






ISAAC 




9008/04/1 S 




a/ 5 


1920 


7 


061102 


FORSl 


Rc 


2008/04/06 


NGC2437 


a/7 


2930 






ISAAC 




9008/04/1 8 




0''7 


1 Q90 

1 y ZAJ 


8 


070429A 


FORSl 


Rc 


2008/04/08 


SAl 10-362 


r/0 


2930 






ISAAC 




9008/05/1 8 




VJ. u 


9400 

Z/H-VJVJ 


9 


0705 17A 


FORSl 


Rc 


2008/04/10 


SAl 10-362 


a/6 


2930 






ISAAC 


Ks 


2008/08/05 


2MASS 


a/5 


1920 


10 


080207 


VIMOS 


Rc 


2010/02/10 


PG1047+3 


a/ 8 


2930 






ISAAC 


Ks 


2010/02/07 


2MASS 


a/6 


1920 


11 


0802 18B 


F0RS2 


Rc 


2009/05/26 


PG1047 


a/5 


2930 






ISAAC 


K 


2009/03/20 


2MASS 


a/5 


1920 


12 


080602 


GROND 


g'r'i'z' 


2009/11/24 


SDSS 


r/i 


4440 






GROND 


JHKs 


2009/11/24 


2MASS 


r/3 


3600 






F0RS2 


Rc 


2009/06/05 


NGC7006 


a/ 8 


2930 






ISAAC 




900Q/07/06 




(y/7 


1920 


13 


080727A 


FORSl 


Rc 


2008/07/27 


E5-Stetson 


a/ 8 


2930 






ISAAC 




901 0/09/1 




yj. VJ 


1 Q90 

1 y ZAJ 


14 


080915A 


FORSl 


Rc 


2008/09/27 


E7 


r/4 


968 






HAWK-I 


Ks 


2008/09/16 


2MASS 


a/ 6 


840 


15 


081012 


VIMOS 


Rc 


2009/10/21 


SA98 


a/ 8 


2400 






ISAAC 


Ks 


2009/10/08 


2MASS 


a/4 


1920 


16 


081105 


VIMOS 


Rc 


2009/10/21 


SA98 


r/o 


2400 






ISAAC 


Ks 


2009/09/14 


2MASS 


a/4 


1920 


17 


081204 


VIMOS 


Rc 


2009/10/21 


SA98 


r/o 


2400 






ISAAC 


Ks 


2009/09/14 


2MASS 


a/5 


1920 






SOFI 


J 


2010/11/01 


2MASS 


a/5 


3600 



Notes for individual targets: GRB 0705 17 A: a candidate optical afterglow was found bv lFox et"al] j2007) and we identify it as the GRB afterglow 
based on our data. Standard star fields: The fields PG1047+3, E5, E7, NGC 2437, and NGC 7006 are from the internet pages of R Stetson 
http : //www3 . cadc-ccda . hia-iha . nrc-cnrc . gc . ca/community/STETSON/. Landolt equatorial standards stars (SA) for the Rc band were 
obtained from the internet page of the Canada-France-Hawaii Telescope http://www.cfht.hawaii.edu/ObsInfo/Standards/Landolt/. 
SA standard star fields for GROND optical calibrations are downloaded from the SDSS archive server at http : //www. sdss . org/. ZP stands 
for photometric zero point calibration. Filters: Observations with F0RS2 were performed using the /?speciai+76 filter. FORSl and VIMOS used the 
^Bessei+36 filter. The FWHM column refers to the FWHM of the average stellar PSF. 
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Fig. A.l: The finding charts of our target fields. 
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Fig. A. 1 : continued 
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Hi 
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Fig. A. 1 : continued 
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